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A s  p a r t  o f  NASA’s t r o p o s p h e r i c  r e s e a r c h  program on  t h e  e f f e c t s  o f  s o l i d  r o c k e t  
motor  and l a u n c h  v e h i c l e  e f f l u e n t s  on g r o u n d - l e v e l  a i r  q u a l i t y ,  t h e  Lang ley  Resea rch  
C e n t e r  i n i t i a t e d  i n  1972 a program t o  d e v e l o p  a n  i n  s i t u  t e c h n i q u e  t o  m o n i t o r  low 
c o n c e n t r a t i o n s  o f  hydrogen  c h l o r i d e  g a s  i n  ambien t  a i r .  The program r e q u i r e d  
i n s t r u m e n t a t i o n  c a p a b l e  o f  m e a s u r i n g  c o n c e n t r a t i o n s  o f  hydrogen  c h l o r i d e  g a s  i n  
p a r t s  p e r  m i l l i o n  o r  less w i t h  r e s p o n s e  times from a few s e c o n d s  t o  l e s s  t h a n  a 
m i n u t e .  T h i s  p a p e r  summar izes  t h e  r e s u l t s  o f  t h e  i n s t r u m e n t  deve lopmen t  program,  
p r e s e n t s  t h e  s t a t u s  o f  e a c h  t e c h n i q u e  c o n s i d e r e d ,  and summar izes  t h e  a v a i l a b l e  l a b o -  
r a t o r y  d a t a  f o r  e a c h  t e c h n i q u e .  T h i s  p a p e r  i s  n o t  a n  a l l - i n c l u s i v e  summary o f  
hydrogen  c h l o r i d e  d e t e c t i o n  t e c h n i q u e s .  Nine b a s i c  t e c h n i q u e s  are  d i s c u s s e d ,  r ang-  
i n g  from c o n c e n t r a t i o n  ( p a r t s  p e r  m i l l i o n )  t o  d o s a g e  o n l y  ( p a r t s  p e r  m i l l i o n - s e c o n d s  
measurement t e c h n i q u e s .  Data f o r  e a c h  t e c h n i q u e  i n c l u d e  lower  d e t e c t i o n  l i m i t ,  
r e s p o n s e  t i m e ,  i n s t r u m e n t  s t a t u s ,  and i n  some c a s e s ,  s p e c i f i c i t y .  S e v e r a l  t e c h -  
n i q u e s  d i s c u s s e d  can  d e t e c t  ambien t  hydrogen  c h l o r i d e  c o n c e n t r a t i o n s  be low 1 p a r t  
p e r  m i l l i o n  w i t h  a r e s p o n s e  time o f  s e c o n d s .  
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HYDROGEN CHLORIDE GAS I N  AMBIENT A I R  
G e r a l d  L .  G r e g o r y  
L a n g l e y  R e s e a r c h  C e n t e r  
S U M M A R Y  
A S  p a r t  o f  t h e  t r o p o s p h e r i c  r e s e a r c h  program of  t h e  N a t i o n a l  A e r o n a u t i c s  
and S p a c e  A d m i n i s t r a t i o n  on  t h e  e f f e c t s  of  s o l i d  r o c k e t  motor and  l a u n c h  
v e h i c l e  e f f l u e n t s  on  g r o u n d - l e v e l  a i r  q u a l i t y ,  t h e  L a n g l e y  R e s e a r c h  C e n t e r  
i n i t i a t e d  i n  1972 a program t o  d e v e l o p  a n  i n  s i t u  t e c h n i q u e  t o  m o n i t o r  low 
c o n c e n t r a t i o n s  of  h y d r o g e n  c h l o r i d e  gas  i n  a m b i e n t  a i r .  The  pronram r e q u i r e d  
i n s t r u m e n t a t i o n  c a p a b l e  o f  m e a s u r i n g  c o n c e n t r a t i o n s  o f  hydrogen  c h l o r i d e  gas 
i n  p a r t s  p e r  m i l l i o n  o r  less  w i t h  r e s p o n s e  times from a few s e c o n d s  t o  less  
t h a n  a m i n u t e .  Methods d e s c r i b e d  i n  t h e  l i t e r a t u r e  as w e l l  as  newly  con- 
c e i v e d  t e c h n i q u e s  were e v a l u a t e d  i n  t h e  l a b o r a t o r y  a n d ,  i n  some cases,  i n  t h e  
f i e l d .  T h i s  p a p e r  summar izes  t h e  r e s u l t s  o f  t h e  i n s t r u m e n t  deve lopmen t  pro- 
gram, p r e s e n t s  t h e  s t a t u s  o f  e a c h  t e c h n i q u e  c o n s i d e r e d ,  and i n c l u d e s  t h e  
a v a i l a b l e  l a b o r a t o r y  d a t a  f o r  e a c h  t e c h n i q u e .  T h i s  r e p o r t  i s  n o t  i n t e n d e d  t o  
be  a n  a l l - i n c l u s i v e  summary o f  h y d r o g e n  c h l o r i d e  d e t e c t i o n  t e c h n i q u e s  b u t  
r a t h e r  a summary of t h e  e f f o r t s  and  e x p e r i e n c e  a t  L a n g l e y  R e s e a r c h  C e n t e r  i n  
t h e  i n s t r u m e n t  deve lopmen t  p rogram.  The  d a t a  a r e  p r e s e n t e d  s o  t h a t  t h e  
r e a d e r  c a n  j u d g e  t h e  b e s t  t e c h n i q u e  f o r  i n d i v i d u a l  a p p l i c a t i o n .  For e a c h  
t e c h n i q u e  d i s c u s s e d .  a n  o p e r a t i n g  and  l a b o r a t o r y  t e s t e d  i n s t r u m e n t  e x i s t s .  
T h i s  r e p o r t  d i s c u s s e s  n i n e  b a s i c  t e c h n i q u e s  f o r  m o n i t o r i n g  low p a r t s -  
p e r - m i l l i o n  c o n c e n t r a t i o n s  o f  h y d r o g e n  c h l o r i d e  gas  i n  moist  a m b i e n t  e n v i r o n -  
m e n t s .  The n i n e  t e c h n i . q u e s  a r e :  ( 1 )  b u b b l e r ,  ( 2 )  pH, ( 3 )  i n d i c a t o r  t u b e ,  
(4) m i c r o c o u l o m e t e r ,  ( 5 )  m o d i f i e d  c o n d e n s a t i o n  n u c l e i  c o u n t e r ,  (6) d u a l  i s o -  
t o p e  i n f r a r e d , . ( 7 )  gas f i l t e r  c o r r e l a t i o n ,  ( 8 )  c h e m i l u m i n e s c e n t  n i t r i c  o x i d e  
d e t e c t i o n ,  and ( 9 )  c h e m i l u m i n e s c e n t  l u m i n o l  o x i d a t i o n .  The f i r s t  t h r e e  t e c h -  
n i q u e s  a r e  p r e d o m i n a n t l y  d o s a g e  ( p a r t s  p e r  m i l l i o n - s e c o n d s )  measurement  t e c h -  
n i q u e s .  Data p r e s e n t e d  f o r  e a c h  measurement  t e c h n i q u e  i n c l u d e  l o w e r  d e t e c -  
t i o n  l i m i t ,  r e s p o n s e  t ime a n d ,  i n  some c a s e s ,  s p e c i f i c i t y .  T e c h n i a u e s  (4), 
( 6 1 ,  and ( 9 )  h a v e  t h e  c a p a b i l i t y  t o  d e t e c t  a m b i e n t  h y d r o q e n  c h l o r i d e  concen-  
t r a t i o n s  be low 1 p a r t  p e r  m i l l i o n .  Only  t e c h n i q u e s  (I), (4), and  ( 9 )  a r e  con-  
s i d e r e d  o p e r a t i o n a l  t e c h n i q u e s  r e q u i r i n g  m i n i m a l  a d d i t i o n a l  l a b o r a t o r y  i n v e s -  
t i g a t i o n .  The o t h e r  s i x  t e c h n i q u e s  a r e  c l a s s i f i e d  as  l a b o r a t o r y  t e c h n i q u e s ,  
r e q u i r i n g  e x t e n s i v e  a d d i t i o n a l  l a b o r a t o r y  i n v e s t i g a t i o n ,  o r  a s  r e s e a r c h  and  
deve lopmen t  t e c h n i q u e s ,  r e q u i r i n g  e i t h e r  major h a r d w a r e  or c o n c e p t u a l  d e s i g n  
c h a n g e s .  
I N T R O D U C T I O N  
The  N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n  ( N A S A )  i s  a c t i v e l y  
p u r s u i n g  t r o p o s p h e r i c  and  s t r a t o s p h e r i c  e n v i r o n m e n t a l  s t u d i e s  i n  c o n j u n c t i o n  
w i t h  t h e  l a u n c h  and o p e r a t i o n  o f  r o c k e t  v e h i c l e s .  One m a j o r  p o r t i o n  o f  t h e  
t r o p o s p h e r i c  program i s  d i r e c t e d  t o w a r d  m e a s u r i n g  and p r e d i c t i n e  t h e  i m p a c t  
of r o c k e t  e x h a u s t  c l o u d s  p roduced  a t  l a u n c h  on  t h e  s u r f a c e  l e v e l  a i r  q u a l i t y .  
S i n c e  1972, t h e  L a n g l e y  R e s e a r c h  C e n t e r  h a s  b e e n  c o n d u c t i n g  a l a u n c h  v e h i c l e  
e f f l u e n t  ( L V E )  m o n i t o r i n g  program ( refs .  1 t o  5 )  a t  t h e  John  F .  Kennedy S p a c e  
Center ,  u s i n g  r e g u l a r l y  s c h e d u l e d  l a u n c h  v e h i c l e s  ( p r i m a r i l y  T i t a n  111) as 
ta rge ts  of o p p o r t u n i t y .  The g o a l  of  t h e  LVE p rogram i s  t o  assess t h e  a p p l i -  
c a b i l i t y  and a c c u r a c y  of d i f f u s i o n  m o d e l s  f o r  p r e d i c t i n g  t h e  d i s p e r s i o n  o f  
e x h a u s t  e f f l u e n t s  from c u r r e n t  and f u t u r e  l a u n c h  v e h i c l e s  u s e d  by N A S A .  The 
a p p r o a c h  employed t o  meet t h e s e  o b j e c t i v e s  i s  t h e  measurement  o f  r o c k e t  
e x h a u s t  p r o d u c t s  p roduced  by t h e  l a u n c h  o f  l a r g e  s o l i d  r o c k e t  mo to r  l a u n c h  
v e h i c l e s .  Measuremen t s  are  made b o t h  a t  s u r f a c e  l e v e l  and w i t h i n  t h e  " s t a b i -  
l i z e d  ground c l o u d "  formed i n  t h e  t r o p o s p h e r e  as  t h e  r e s u l t  of  t h e  l a u n c h .  
T h e s e  measu remen t s  are  t h e n  compared w i t h  v a r i o u s  a n a l y t i c a l  schemes 
( r e f s .  6 ,  7 ,  and 8 )  f o r  p r e d i c t i n g  t h e  e x h a u s t  e f f l u e n t  c o n c e n t r a t i o n s .  
E a r l y  i n  t h e  LVE p rogram,  i t  was d e t e r m i n e d  t h a t  d e t e c t i o n  t e c h n i q u e s  
f o r  hydrogen  c h l o r i d e  ( H C 1 )  g a s ,  a m a j o r  e x h a u s t  p r o d u c t  f rom c o m b u s t i o n  i n  
most s o l i d  r o c k e t  m o t o r s ,  were i n a d e q u a t e .  S e v e r a l  t e c h n i q u e s  were a v a i l a b l e  
f o r  d e t e c t i o n  o f  hydrogen  c h l o r i d e  i n  a d r y  e n v i r o n m e n t  and a t  c o n c e n t r a t i o n s  
o f  a b o u t  50 p a r t s  p e r  m i l l i o n  by volume (ppm) o r  h i g h e r .  However,  i n i t i a l  
f i e l d  and l a b o r a t o r y  s t u d i e s  d e m o n s t r a t e d  t h a t  these t e c h n i q u e s  showed t h e  
f o l l o w i n g  d e f i c i e n c i e s :  ( 1 )  c o u l d  n o t  d e t e c t  H C 1  i n  r e a l i s t i c  a m b i e n t  e n v i -  
ronment  b e c a u s e  of t h e  h i g h  r e a c t i v i t y  o f  H C 1  i n  t h e  p r e s e n c e  o f  m o i s t u r e ;  
( 2 )  d i d  n o t  h a v e  s a t i s f a c t o r y  r e s p o n s e  t i m e ;  and ( 3 )  d i d  n o t  h a v e  d e t e c t i o n  
limits o f  1 ppm o r  l o w e r .  T h e r e f o r e ,  a s  a r e s u l t  o f  t h i s  need f o r  a h i g h  
p e r f o r m a n c e  H C 1  d e t e c t o r  t o  m o n i t o r  a m b i e n t  a i r  c o n c e n t r a t i o n s ,  L a n g l e y  
Research C e n t e r  began t o  d e v e l o p  a s u i t a b l e  d e t e c t o r  i n - h o u s e  and by con-  
t r a c t .  The p u r p o s e  o f  t h i s  r e p o r t  i s  t o  summarize t h e  v a r i o u s  t e c h n i q u e s  
which have  been  e v a l u a t e d  o r  d e v e l o p e d .  T h i s  r e p o r t  i s  n o t  i n t e n d e d  t o  be  
an a l l - i n c l u s i v e  summary o f  H C 1  d e t e c t i o n  t e c h n i q u e s ,  b u t  r a t h e r  a summary 
of t h e  e x p e r i e n c e  i n  s e a r c h  o f  a s u i t a b l e  d e t e c t o r  a t  L a n g l e y  R e s e a r c h  Cen- 
t e r .  T h i s  p a p e r  f o c u s e s  on t h e  more g e n e r a l  p rob lem o f  t h e  d e t e c t i o n  o f  H C 1  
g a s  i n  ambien t  a i r  r a t h e r  t h a n  s p e c i f i c a l l y  on  t h e  LVE p r o b l e m .  I t  i s  hoped 
t h a t  t h i s  document t o g e t h e r  w i t h  t h e  s u r v e y  i n  r e f e r e n c e  9 r e p r e s e n t  t h e  c u r -  
r e n t  s t a t e  o f  t h e  a r t  i n  H C 1  ( g a s )  a m b i e n t  a i r  m o n i t o r s .  
More s p e c i f i c a l l y ,  t h i s  p a p e r  d e s c r i b e s  t h e  o p e r a t i o n a l  p r i n c i p l e s  of 
v a r i o u s  H C 1  d e t e c t o r s .  L a b o r a t o r y  and f i e l d  d a t a  a re  c i t e d  as  needed t o  
p r e s e n t  t h e  c a p a b i l i t i e s  o f  e a c h  o f  t h e  i n s t r u m e n t s .  I n  some cases ,  t h e  
i n s t r u m e n t s  d e s c r i b e d  are  c o m m e r c i a l l y  a v a i l a b l e  and a re  c u r r e n t l y  b e i n g  
u s e d ;  i n  o t h e r  cases ,  o n l y  t h e  b r e a d b o a r d  i n s t r u m e n t  e x i s t s ,  and f u r t h e r  
i n v e s t i g a t i o n  o f  t h e  t e c h n i q u e  i s  n o t  a n t i c i p a t e d .  
ME AS U R E ME M T TECH N I Q U E S 
B e f o r e  d i s c u s s i n g  t h e  v a r i o u s  i n s t r u m e n t s ,  i t  i s  n e c e s s a r y  t o  d i s c u s s  
b r i e f l y  t h e  measurement  e n v i r o n m e n t  and t h e  g a s e o u s  s p e c i e s ,  H C 1 .  H C 1  g a s  i s  
h y g r o s c o p i c  i n  n a t u r e ,  showirig a s t r o n g  a f f i n i t y  f o r  m o i s t u r e  and m o i s t  s u r -  
f a c e s .  A n a l y s i s  o f  H C 1  i n  d r y  e n v i r o n m e n t s  ( i . e . ,  H C 1  i n  d r y  n i t r o g e n  ( N  ) )  
is  c o n s i d e r a b l y  easier  t h a n  i n  m o i s t  a m b i e n t  e n v i r o n m e n t s .  The m a j o r  proglem 
2 
e n c o u n t e r e d  i n  a m b i e n t  a n a l y s i s  o f  H C 1  is  t h e  t r a n s p o r t  o f  t h e  s a m p l e  t o  t h e  
d e t e c t i o n  r e g i o n  o f  t h e  p a r t i c u l a r  i n s t r u m e n t  w i t h o u t  s e r i o u s  d e p l e t i o n  
( r e a c t i o n )  o f  H C 1 .  Once t h i s  i s  a c c o m p l i s h e d ,  d e t e c t i o n  i s  g e n e r a l l y  n o t  a 
ma jo r  p rob lem.  I n  a m b i e n t  a i r ,  H C 1  i s  g e n e r a l l y  found  i n  two s ta tes :  as a 
gas and as a l i q u i d  a c i d  a e r o s o l .  A l though  some o f  t h e  i n s t r u m e n t s  show c a p a -  
b i l i t i e s  o f  d e t e c t i n g  b o t h  H C 1  s t a t e s ,  t h i s  r e p o r t  f o c u s e s  on  t h e  d e t e c t i o n  
o f  g a s e o u s  H C 1  e x i s t i n g  i n  t h e  m o i s t  a m b i e n t  e n v i r o n m e n t .  
H i s t o r i c a l  Hydrogen C h l o r i d e  D e t e c t i o n  T e c h n i q u e s  
A q u i c k  s e a r c h  o f  t h e  l i t e r a t u r e  f o r  e s t a b l i s h e d  me thods  o f  d e t e c t i n g  
a c i d s  o r  H C 1  i n  g a s  m i x t u r e s  shows t h a t  b u b b l e r s ,  pH measuremen t s ,  and i n d i c a -  
t o r  t u b e s  are  among t h e  most f r e q u e n t l y  employed t e c h n i q u e s .  T h e r e f o r e ,  i t  
i s  a p p r o p r i a t e  t o  d i s c u s s  t h e s e  t e c h n i q u e s  f i r s t .  
B u b b l e r  method.-  The b u b b l e r  h a s  been  f o r  some time a s t a n d a r d  l a b o r a -  
t o r y  and f i e l d  s a m p l i n g  d e v i c e  f o r  many gas s p e c i e s .  I n  i t s  s i m p l e s t  fo rm,  
t h e  b u b b l e r  i s  a d e v i c e  i n  which a t r a p p i n g  s o l u t i o n  i s  s t o r e d  and t h r o u g h  
w h i c h  a n  a i r  s a m p l e  i s  drawn.  T h e  t r a p p i n e :  s o l u t i o n  c a p t u r e s  and r e t a i n s  
some i o n  o r  chemical complex a s s o c i a t e d  w i t h  t h e  Eas s p e c i e s  b e i n g  d e t e c t e d .  
The t r a p p i n g  s o l u t i o n  i s  a n a l y z e d  i n  t h e  l a b o r a t o r y .  The t r a p p e d  i o n  concen-  
t r a t i o n  i s  t h e n  r e l a t e d  t o  t h e  a m b i e n t  a i r  c o n c e n t r a t i o n  o f  t h e  g a s  spec ie  
t h r o u g h  t h e  a i r  s a m p l i n g  r a t e ,  s a m p l i n p  t ime,  t r a p p i n g  s o l u t i o n  vo lume ,  chem- 
i c a l  f o r m u l a t i o n  of t h e  g a s  s p e c i e s ,  and c a p t u r e  c o e f f i c i e n t  o f  t h e  t r a p p i n g  
s o l u t i o n .  T y p i c a l l y ,  t h e  b u b b l e r  c o n f i g u r a t i o n ,  a i r  s a m p l i n g  r a t e ,  and  t r a p -  
p i n g  s o l u t i o n  c o m p o s i t i o n  and volume are  c h o s e n  t o  p r o d u c e  a c a p t u r e  c o e f f i -  
c i e n t  of  u n i t y .  The  b u b b l e r  t e c h n i q u e  p r o v i d e s  a time i n t e g r a t e d  measurement  
g i v i n g  t h e  a v e r a g e  c o n c e n t r a t i o n  f o r  t h e  time p e r i o d  s a m p l e d .  However,  t h e  
b u b b l e r  method g i v e s  no i n f o r m a t i o n  a b o u t  maximum c o n c e n t r a t i o n  o r  c o n c e n t r a -  
t i o n  as a f u n c t i o n  o f  t ime.  T h i s  method d o e s  p e r m i t  v a r i o u s  t r a p p i n g  s o l u -  
t i o n s  and a n a l y s i s  t e c h n i q u e s ,  d e p e n d i n g  upon t h e  g a s  b e i n g  d e t e c t e d .  
The  b u b b l e r  s y s t e m  of i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  f i g -  
u r e  1 .  T a b l e  I g i v e s  t h e  o p e r a t i o n a l  p a r a m e t e r s  f o r  t h i s  s y s t e m .  A l t h o u g h  
many b u b b l e r  c o n f i g u r a t i o n s ,  t r a p p i n g  s o l u t i o n s ,  and a n a l y s i s  t e c h n i q u e s  c a n  
be s e l ec t ed  f o r  t h e  d e t e c t i o n  of  H C 1 ,  t h e  s y s t e m  d e s c r i b e d  i n  f i g u r e  1 and 
t a b l e  I i s  r e p r e s e n t i v e  of  t h e  c a p a t i l i t i e s  o f  t h e  b u b b l e r  t e c h n i q u e  f o r  
d e t e c t i o n  of  H C 1 .  T h i s  b u b b l e r  s y s t e m  h a s  a c a p t u r e  c o e f f i c i e n t  o f  a t  l e a s t  
0 . 9 9 ,  p r o v i d e d  t h e  r a t i o  o f  a i r  s a m p l e  r a t e  t o  t r a p p i n g  s o l u t i o n  volume is  
200 min-’ o r  less. 
t h e  background  c h l o r i d e  i o n  c o n c e n t r a t i o n  o f  t h e  t r a p p i n g  s o l u t i o n  (water )  
must  be  known o r  be  n e g l i g i b l e  when compared w i t h  t h e  s a m p l e .  L a b o r a t o r y  
a n a l y s i s  h a s  shown t h a t  background  c h l o r i d e  i o n  c o n c e n t r a t i o n s  o f  a p p r o x i -  
m a t e l y  0 . 2  n g / v l  ( 0 . 2  ppm i n  s o l u t i o n )  c a n  be r e a d i l y  o b t a i n e d  i n  d e i o n i z e d -  
d i s t i l l e d  water. 
S i n c e  t h e  a n a l y s i s  t e c h n i q u e  i s  c h l o r i d e  i o n  d e t e c t i o n ,  
The c o u l o m e t r i c  ( r e f .  10) d e t e c t i o n  o f  c h l o r i d e  i o n s  i s  b a s e d  on  a u t o -  
matic t i t r a t i o n  o f  c h l o r i d e  i o n  w i t h  s i l v e r  i o n  p r o d u c i n g  s i l v e r  c h l o r i d e  
(AgC1) p r e c i p i t a t e .  The h e a r t  o f  t h e  i n s t r u m e n t  i s  t h e  t i t r a t i o n  c e l l ,  wh ich  
c o n t a i n s  a c e t i c  a c i d  e l e c t r o l y t e  and two p a i r s  o f  e l e c t r o d e s :  a s e n s i n g  p a i r  




The c o n c e n t r a t i o n  of s i l v e r  i o n s  i n  t h e  c e l l  is m a i n t a i n e d  a t  M by  a 
250 mV p o t e n t i a l  b i a s  across t h e  s e n s i n g  e l e c t r o d e s .  Any c h a n g e  i n  s i l v e r  
i o n  c o n c e n t r a t i o n  a s  t h e  r e s u l t  o f  t h e  i n t r o d u c t i o n  o f  c h l o r i d e  i o n s  i n t o  
t h e  c e l l  i s  detected by  t h e  s e n s i n g  e lec t rodes  as  a p o t e n t i a l  d i f f e r e n c e .  
T h i s  d i f f e r e n c e  r e s u l t s ,  t h r o u g h  t h e  c o u l o m e t e r  e l e c t r o n i c s ,  i n  a g e n e r a t i o n  
o f  s i l v e r  t i t r a n t  a t  t h e  g e n e r a t o r  e l e c t r o d e .  The t o t a l  q u a n t i t y  o f  c u r r e n t  
( i n  cou lombs)  r e q u i r e d  t o  r e t u r n  t h e  c e l l  t o  i t s  i n i t i a l  s i l v e r  i o n  concen-  
t r a t i o n  i s  r e l a t ed  t o  t h e  q u a n t i t y  o f  s i l v e r  i o n  T e n e r a t e d  a n d ,  c o n s e a u e n t l y ,  
t o  t h e  q u a n t i t y  o f  c h l o r i d e  i o n  i n t r o d u c e d  i n t o  t h e  c e l l .  To a n a l y z e  t h e  
c h l o r i d e  i o n  c o n c e n t r a t i o n  o f  t h e  b u b b l e r  t r a p p i n g  s o l u t i o n ,  p r e c i s e  q u a n t i -  
t i e s  of t h e  s o l u t i o n  are i n j e c t e d  i n t o  t h e  c o u l o m e t e r  c e l l .  The d e t e c t i o n  
l i m i t  of  t h e  c o u l o m e t e r  f o r  a q i v e n  c h l o r i d e  i o n  sample i s  a p p r o x i m a t e l y  3 ng.  
L a b o r a t o r y  s t u d i e s  show t h a t  a maximum o f  30 ul of sample c a n  b e  i n j e c t e d  i n t o  
t h e  c e l l  f o r  a n a l y s i s  b e f o r e  d i l u t i o n  e f f e c t s  become s e r i o u s .  T h u s ,  concen-  
t r a t i o n s  o f  0 . 1  n g / P l  o f  c h l o r i d e  i o n  c a n  be  d e t e c t e d .  The d e t e c t i o n  capa -  
b i l i t y  o f  t h e  b u b b l e r  s y s t e m  shown i n  f i g u r e  1 and t a b l e  I i s  a p p r o x i m a t e l y  
50 ppm-sec and i s  l i m i t e d  by t h e  background c h l o r i d e  c o n c e n t r a t i o n  o f  t h e  
t r a p p i n g  s o l u t i o n .  
Table I1 summar izes  t h e  measu red  p e r f o r m a n c e  of  t h e  b u b b l e r  s y s t e m  o f  
f i g u r e  1 .  The da ta  of  t a b l e  11 were o b t a i n e d  by p r e p a r i n g  HC1-ambient a i r  
m i x t u r e s  r a n g i n g  from 0.05 t o  10 ppm and by s a m p l i n g  these m i x t u r e s  w i t h  t h e  
b u b b l e r  o v e r  p e r i o d s  r a n g i n g  from 2 m i n u t e s  up t o  1 h o u r .  The  t h e o r e t i c a l  
d o s a g e s  ( i n p u t  t o  b u b b l e r )  are  a c c u r a t e  t o  a p p r o x i m a t e l y  +IO p e r c e n t .  The 
shown c o n f i d e n c e  i n t e r v a l s  are  based on a s a m p l e  s i z e  of  5 b u b b l e r s  a t  each 
c o n c e n t r a t i o n .  Table I1 shows t h a t  a t  a l l  d o s a g e  l e v e l s  i n v e s t i g a t e d ,  t h e  
a v e r a g e  ( 5  b u b b l e r s )  measu red  d o s a g e  i s  a c c u r a t e  t o  w i t h i n  t h e  e x p e c t e d  
+IO p e r c e n t  a c c u r a c y  of  t h e  i n p u t  d o s a g e s .  However,  w i t h  a s i n g l e  b u b b l e r  
measu remen t ,  a n  a c c u r a c y  o f  +20 p e r c e n t  o r  b e t t e r  c a n  o n l y  be  a t t a i n e d  a b o v e  
200 ppm-see b e c a u s e  o n l y  above  200 ppm-see is t h e  c o n f i d e n c e  i n t e r v a l  ( h e n c e ,  
t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  measu remen t )  o f  r e a s o n a b l e  m a g n i t u d e  a s  com- 
p a r e d  w i t h  t h e  i n p u t  d o s a g e .  
p H  measurement  method.-  S i n c e  H C 1  i s  h y g r o s c o p i c  and r e a d i l y  fo rms  a n  
acid w i t h  water, pH measuremen t s  a r e  o b v i o u s l y  a d e t e c t i o n  method f o r  H C 1 .  
S e v e r a l  t y p e s  o f  pH measurement  t e c h n i q u e s  h a v e  been  t r i e d .  F i r s t ,  a tech- 
n i q u e  similar t o  t h e  b u b b l e r  t e c h n i q u e  c a n  be  u s e d  i n  which  t h e  pH o f  t h e  
t r a p p i n g  s o l u t i o n  ( r a t h e r  t h a n  c h l o r i d e  c o n c e n t r a t i o n )  i s  measured  i n  t h e  
l a b o r a t o r y .  T h i s  t e c h n i q u e  h a s  l i m i t e d  a p p l i c a t i o n  b e c a u s e  o f  pH v a r i a t i o n s  
i n  t h e  t r a p p i n g  s o l u t i o n  a s  a r e s u l t  o f  d i s s o l v e d  c a r b o n  d i o x i d e  ( C 0 2 ) .  
o n d l y ,  a n  i n s t r u m e n t  c a n  be  b u i l t  ( r e f .  1 1 )  similar t o  t h e  s t a n d a r d  pH meter 
e x c e p t  t h a t  t h e  pH e l e c t r o d e s  are  immersed i n  a s i n g l e  water d r o p l e t  i n s t e a d  
o f  i n  a l i q u i d  b a t h .  I n  t h i s  case,  t h e  incoming  airstream i m p i n g e s  on t h e  
water d r o p l e t  formed on t h e  t i p  o f  t h e  pH e l e c t r o d e s .  The water d r o p l e t  
a b s o r b s  t h e  H C 1  from t h e  airstream, and a pH change  i s  o b s e r v e d .  P e r i o d i -  
c a l l y  ( t y p i c a l l y  e v e r y  20 s e e ) ,  t h e  pH e l e c t r o d e s  are  f l u s h e d  w i t h  c l e a n  
water, f o r m i n g  a new d r o p l e t ;  and the measurement  c y c l e  i s  r e i n i t i a t e d .  
f i n a l  pH o f  each water d r o p l e t  i s  re lated t o  t h e  t o t a l  H C 1  s ampled  d u r i n g  
t h a t  time. ( S e e  re f .  11. )  
Sec-  
The 
A t h i r d  pH measurment  t e c h n i q u e  f o r  g a s e o u s  H C 1  i s  t h e  p H - s e n s i t i v e  
p a p e r  method.  C e r t a i n  n a t u r a l  and s y n t h e t i c  s u b s t a n c e s  ( f o r  example ;  m e t h y l  
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o r a n g e ,  m e t h y l  r e d ,  e t c . )  h a v e  t h e  p r o p e r t y  o f  c h a n g i n g  co lo r  when t h e  hydro-  
gen  i o n  c o n c e n t r a t i o n  i n  t h e  s o l u t i o n  a t t a i n s  a d e f i n i t e  v a l u e .  I n  d e t e r m i n -  
i n g  t h e  hydrogen  i o n  c o n c e n t r a t i o n  o f  a s o l u t i o n ,  a number of i n d i c a t o r s  can 
be  u s e d  a n d ,  by a p r o c e s s  o f  e l i m i n a t i o n ,  t h e  h y d r o g e n  i o n  c o n c e n t r a t i o n  c a n  
be f i x e d  w i t h i n  r a t h e r  n a r r o w  l i m i t s .  Commercial  pH p a p e r s  (s imilar  t o  l it- 
mus p a p e r )  are a v a i l a b l e  wh ich  h a v e  d i s c r e t e  c o l o r  c h a n g e s  fo r  1 / 2  pH i n c r e -  
men t s  from 1 t o  14 pH. I n  t h e  p r e s e n c e  o f  a m b i e n t  m o i s t u r e ,  t h e  H C 1  d i s a s s o -  
c ia tes  t o  p r o d u c e  hydrogen  i o n s ;  t h e s e  i o n s  p r o d u c e  t h e  co lor  change  i n  t h e  
pH p a p e r .  These  c o l o r  c h a n g e s  are re la ted t o  H C 1  d o s a g e  ( c o n c e n t r a t i o n  by 
t i m e )  by l a b o r a t o r y  c a l i b r a t i o n .  C o n c e n t r a t i o n s  of I-ppm H C 1  fo r  a d u r a t i o n  
of 1 m i n u t e  have  been  d e t e c t e d  i n  l a b o r a t o r y  chamber t e s t s .  The pH p a p e r s  
are a v a i l a b l e  as s t r i p s  and a s  s h e e t s .  T h i s  p H - s e n s i t i v e  t e c h n i q u e .  h a s  had 
l i m i t e d  s u c c e s s  b e c a u s e  o f  p r o b l e m s  w i t h  nonpermanent  c o l o r  c h a n g e s  and p a p e r  
s e n s i t i v i t y  t o  a m b i e n t  h u m i d i t y .  
I n d i c a t o r  t u b e . -  G e n e r a l l y ,  i n d i c a t o r  t u b e s  f o r  H C 1  d e t e c t i o n  c o n t a i n  a 
g r a n u l a r  mater ia l ,  t y p i c a l l y  s i l i c a  g e l ,  i m p r e g n a t e d  w i t h  a s u b s t a n c e  which 
c h a n g e s  c o l o r  upon e x p o s u r e  t o  H C 1 .  Two s u c h  s u b s t a n c e s  c u r r e n t l y  u s e d  are  
p H - s e n s i t i v e  d y e s  and s i l v e r  n i t r a t e  (AgNO ) e m u l s i o n s .  The i m p r e g n a t e d  
m a t r i x  i s  sealed i n  a glass t u b e .  When r e a d y  f o r  u s e ,  t h e  t i p s  o f  t h e  t u b e  
are b r o k e n  o f f ,  and t h e  a i r  s a m p l e  i s  drawn o v e r  t h e  i m p r e g n a t e d  m a t r i x .  
After p u l l i n g  a f i x e d  volume o f  s a m p l e  a i r  t h r o u g h  t h e  t u b e ,  a s t a i n  i s  d e v e l -  
oped whose l e n g t h  i s  compared t o  l a b o r a t o r y  c a l i b r a t i o n  t o  d e t e r m i n e  t h e  a v e r -  
a g e  H C 1  c o n c e n t r a t i o n .  D e t e c t i o n  l i m i t  i s  a p p r o x i m a t e l y  1 ppm o v e r  a 2- t o  
5 -minu te  s a m p l i n g  p e r i o d .  S a m p l i n g  f l o w  ra te  i s  l i m i t e d  t o  a few hundred  
c u b i c  c e n t i m e t e r s  p e r  m i n u t e .  T h e  t u b e s  are a v a i l a b l e  c o m m e r c i a l l y ;  however ,  
b e c a u s e  of t h e  l i m i t e d  a c c u r a c y  o f  t h e  t e c h n i q u e ,  t h i s  method i s  most  s u i t e d  
f o r  i n i t i a l  a s s e s s m e n t .  
3 
O t h e r  t y p e s  o f  i n d i c a t o r  t u b e  t e c h n i q u e s  c a n  b e  d e v i s e d ;  f o r  example ,  
t h e  t u b e s  c a n  be c o a t e d  w i t h  v a r i o u s  c h e m i c a l  compounds d e s i g n e d  t o  t r a p  t h e  
H C 1 .  T h e  t u b e s  are  t h e n  r e t u r n e d  t o  t h e  l a b o r a t o r y  w h e r e ,  t h r o u g h  p r o p e r  
p r o c e s s i n g ,  t h e  H C 1  o r  c h l o r i d e  i o n  i s  released by t h e  c o a t i n g  and t h e n  quan- 
t i f i e d .  Such  a t e c h n i q u e  h a s  been  e v a l u a t e d  ( C o n t r a c t  NAS 1-13175-1, V i r -  
g i n i a  P o l y t e c h n i c  I n s t i t u t e  and S t a t e  U n i v e r s i t y ) ,  and t h e  r e s u l t s  are  r e p r e -  
s e n t a t i v e  o f  t h i s  t y p e  o f  a p p r o a c h .  
h e r e ,  g l a s s  c a p i l l a r y  t u b e s  ( 1  mm i n  i n t e r n a l  d i a m e t e r  and 1 m i n  l e n g t h )  
c o a t e d  w i t h  a d r i e d  s o l u t i o n  o f  sodium n i t r a t e  
gas stream a t  a r a t e  o f  a b o u t  100 cm3/min. The NaN03 c o a t i n g  t r a p s  t h e  H C 1  
i n  t h e  g a s  stream, and  t h e  t u b e s  are  r e t u r n e d  t o  t h e  l a b o r a t o r y  f o r  a n a l y s i s .  
I n  t h e  l a b o r a t o r y ,  t h e  i n t e r i o r  wal ls  o f  t h e  t u b e s  are washed w i t h  20 P 1  t o  
30  111 o f  d i s t i l l e d  water ,  and a 10-111 s a m p l e  o f  t h e  wash water i s  a n a l y z e d  
f o r  c h l o r i d e  u s i n g  t h e  c o u l o m e t e r  t e c h n i q u e  (see b u b b l e r  d i s c u s s i o n ) .  The 
wash water i s  i n t r o d u c e d  i n t o  t h e  c o a t e d  t u b e  t h r o u g h  c a p i l l a r y  a c t i o n  of  
t h e  t u b e .  
I n  t h e  p a r t i c u l a r  a p p l i c a t i o n  d i s c u s s e d  
M NaN03) Sample t h e  H C 1  
F i g u r e  2 shows t h e  r e s u l t s  o b t a i n e d  i n  t h e  l a b o r a t o r y  u s i n g  t h e  HC1-  
m o i s t  a i r  m i x t u r e  a t  4.2-ppm H C 1 .  T h e  t h e o r e t i c a l  l i n e  i n  f i g u r e  2 i n d i c a t e s  
t h e  c a l c u l a t e d  r e s u l t s  e x p e c t e d  f rom t h e  t e c h n i q u e .  A s  shown,  t h e  t e c h n i a u e  
g i v e s  a time i n t e g r a t e d  measurement  (ppm-see)  r a t h e r  t h a n  a c o n c e n t r a t i o n  
measurement .  The l o w e r  d e t e c t i o n  l i m i t  of' t h e  t e c h n i q u e  i s  a b o u t  10 ppm-sec 
(25-ne c h l o r i d e )  and is l i m i t e d  by t h e  c h l o r i d e  c o n t e n t  of b o t h  t h e  wash 
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water and t h e  c o a t i n g .  The u p p e r  d e t e c t i o n  l i m i t  i s  a f u n c t i o n  of t h e  t u b e  
l e n g t h  and diameter. A s  shown i n  f i g u r e  2 ,  t h e  I-mm-diameter by I-m-long 
t u b e s  are n o t  e f f i c i en t  t r a p p e r s  a b o v e  a b o u t  170 ppm-sec. A d d i t i o n a l  labora- 
t o r y  work would be r e q u i r e d  t o  d e t e r m i n e  t h e  u p p e r  l i m i t  of  t h e  c o a t e d  t u b e s  
as a f u n c t i o n  of t u b e  d i m e n s i o n s .  I n  a d d i t i o n ,  more d e t a i l e d  l a b o r a t o r y  work 
is  needed  t o  e v a l u a t e  t h e  l i fe t ime o f  t h e  c o a t i n g ,  t h e  r e p e a t a b i l i t y  o f  t h e  
t u b e  measu remen t ,  and t h e  a c c u r a c y  of t h e  t e c h n i q u e .  I n i t i a l  l a b o r a t o r y  
s t u d i e s  s u g g e s t  t h a t  t h e s e  areas p r e s e n t  o n l y  m i n o r  p r o b l e m s  and  s h o u l d  n o t  
p l a c e  m a j o r  l i m i t a t i o n s  on  t h e  a p p l i c a b i l i t y  of  t h i s  t e c h n i q u e .  
R e c e n t l y  Developed Hydrogen C h l o r i d e  T e c h n i q u e s  
T h i s  s e c t i o n  d i s c u s s e s  some o f  t h e  newly d e v e l o p e d  t e c h n i q u e s  f o r  t h e  
d e t e c t i o n  o f  g a s e o u s  H C 1  i n  t h e  a m b i e n t  e n v i r o n m e n t .  I n  some cases ,  t h e  
t e c h n i q u e s  are h i g h l y  s u c c e s s f u l ;  i n  o t h e r  cases ,  a p p l i c a t i o n s  a p p e a r  t o  be  
l i m i t e d .  A l l  t e c h n i q u e s  d i s c u s s e d  are  i r ,  s i t u  s a m p l i n g  me thods  r e q u i r i n g  no 
l a b o r a t o r y  a n a l y s i s  t o  o b t a i n  t h e  H C 1  c o n c e n t r a t i o n  o r  d o s a g e  d a t a .  
t i o n ,  f o r  each t e c h n i q u e  d i s c u s s e d ,  a n  i n s t r u m e n t  e m p l o y i n g  t h e  method h a s  
been c o n s t r u c t e d  and t e s t e d .  
I n  a d d i -  
M i c r o c o u l o m e t e r  method.-  The  m i c r o c o u l o m e t e r  method o f  d e t e c t i n g  H C 1  i s  
d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  1 2 ,  and most  o f  t h e  f o l l o w i n g  d i s c u s s i o n  i s  
from t h a t  r e f e r e n c e .  The i n s t r u m e n t  i s  t h e  same u n i t  u s e d  i n  t h e  c h l o r i d e  
i o n  a n a l y s i s  of t h e  b u b b l e r  t r a p p i n g  s o l u t i o n  d i s c u s s e d  e a r l i e r ,  e x c e p t  t h a t  
a n  i n l e t  s y s t e m  is  added t o  t h e  t i t r a t i o n  c e l l ,  and  a s a m p l e  pump d raws  t h e  
g a s e o u s  H C 1  s a m p l e  m i x t u r e  d i r e c t l y  i n t o  t h e  t i t r a t i o n  c e l l .  The c o u l o m e t e r  
is  o p e r a t e d  i n  t h e  c o n t i n u o u s  mode, and t h e  incoming  H C 1  gas b u b b l e s  t h r o u g h  
t h e  e l e c t r o l y t e  i n  t h e  t i t r a t i o n  c e l l .  The s i l v e r  i o n s  i n  t h e  e l e c t r o l y t e  
react w i t h  t h e  H C 1 ,  form t h e  AgCl p r e c i p i t a t e ,  and t h i s  r e a c t i o n  c h a n g e s  t h e  
s i l v e r  i o n  c o n c e n t r a t i o n  o f  t h e  e l e c t r o l y t e .  The s i l v e r  i o n  i m b a l a n c e  is  
de tec ted  by t h e  s e n s i n g  e l e c t r o d e s ,  and t h e  d e t e c t i o n  r e s u l t s  i n  s u b s e q u e n t  
g e n e r a t i o n  of s i l v e r  i o n  a t  t h e  g e n e r a t i n g  e l e c t r o d e s .  A s  d i s c u s s e d  e a r l i e r ,  
t h e  amount o f  s i l v e r  g e n e r a t e d  c a n  be r e l a t ed  t o  t h e  q u a n t i t y  o f  H C 1  i n t r o -  
duced i n t o  t h e  t i t r a t i o n  c e l l .  The t i t r a t i o n  c e l l  i n  t h e  c o n t i n u o u s  mode 
h a s  a d e t e c t i o n  l i m i t  o f  a p p r o x i m a t e l y  0.08-ppm H C 1  a t  a f l o w  r a t e  o f  
200 cm3/min. Once t h e  H C 1  reaches t h e  t i t r a t i o n  c e l l ,  i t s  d e t e c t i o n  i s  s i m -  
p l e  and p r e s e n t s  n o  p rob lem;  however ,  d e s i g n  and c o n s t r u c t i o n  o f  a s u i t a b l e  
i n l e t  s y s t e m  has been  more t r o u b l e s o m e .  A s u i t a b l e  i n l e t  must  a l l o w  t h e  H C 1  
t o  reach t h e  t i t r a t i o n  c e l l  w i t h o u t  s e r i o u s  l o s s  o f  H C 1  and w i t h  a r e s p o n s e  
time c h a r a c t e r i s t i c  o f  t h e  phenomena b e i n g  s a m p l e d .  Much o f  t h e  research 
d e s c r i b e d  i n  r e f e r e n c e  12 dea l s  w i t h  t h e  i n l e t  sys tem prob lem where t h e  
d e s i r e d  r e s p o n s e  time is a p p r o x i m a t e l y  1 m i n u t e .  
A b r i e f  summary of  r e f e r e n c e  12 shows t h a t  t h e  a u t h o r s  found t h a t  g l a s s  
made t h e  most s u i t a b l e  i n l e t  t u b e  and t h a t  i n l e t  t u b e  l e n g t h  s h o u l d  b e  min i -  
mized f o r  a n y  g i v e n  s a m p l i n g  r e q u i r e m e n t .  I n  a d d i t i o n ,  t o  a l l e v i a t e  l o s s  o f  
H C 1  i n  t h e  i n l e t  t u b e ,  it is n e c e s s a r y  b o t h  t o  p a s s i v a t e  t h e  i n l e t  t u b e  ( t y p i -  
c a l l y  30-min e x p o s u r e  t o  5-ppm HC1-dry N 2  m i x t u r e ) ,  and t o  m a i n t a i n  t h e  t u b e  
a t  50° C d u r i n g  t h e  s a m p l i n g  o p e r a t i o n .  Under these c o n d i t i o n s ,  t h e  coulom- 
e ter  r e s p o n s e  t o  a c o n s t a n t  HC1 c o n c e n t r a t i o n  i s  similar t o  t h e  r e s p o n s e  
shown i n  f i g u r e  3. The area u n d e r  t h e  c o u l o m e t e r  t race  and t h e  p l a t e a u  ( e q u i -  
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l i b r i u m )  o u t p u t  v a l u e  h a s  been  shown b o t h  a n a l y t i c a l l y  and e x p e r i m e n t a l l y  t o  
e q u a l ,  r e s p e c t i v e l y ,  t h e  t o t a l  q u a n t i t y  o f  t h e  H C 1  s ampled  and t h e  c o n c e n t r a -  
t i o n  o f  t h e  H C 1  m i x t u r e .  The d e t e c t i o n  l i m i t  o f  t h e  s y s t e m  i s  a p p r o x i m a t e l y  
0.08-ppm H C 1  f o r  a s a m p l e  flow o f  200 cm3/min (maximum p e r m i s s i b l e  f l o w  d u e  
t o  t i t r a t i o n  c e l l  c o n s t r u c t i o n  i s  400 cm3/min) .  
A s  shown i n  f i g u r e  3 ,  a s t e a d y - s t a t e  r e s p o n s e  is  n o t  o b t a i n e d  u n t i l  
a p p r o x i m a t e l y  1 min a f te r  t h e  sample  h a s  been  i n t r o d u c e d  i n t o  t h e  i n l e t  t u b e .  
T h i s  d e l a y  s u g g e s t s  t h a t  c o n s i d e r a t i o n s  must  b e  g i v e n  t o  t h e  time f r e q u e n c y  
of t h e  v a r i a t i o n  o f  t h e  H C 1  b e i n g  s a m p l e d .  T h i s  d e l a y  i s  b e s t  i l l u s t r a t e d  
i n  f i g u r e  4 .  F i g u r e  4 shows t h e  c o u l o m e t e r  t race  f o r  6-min, I -min,  and 
30-sec s a m p l i n g s  of 5 ppm o f  H C 1  i n  N 2 .  
H C 1  sampled o r  t h e  H C 1  c o n c e n t r a t i o n  c a n  r e a d i l y  b e  d e t e r m i n e d  f o r  t h e  6-min 
d a t a .  However,  t h i s  i s  n o t  t h e  case f o r  t h e  I-min and 30-see s a m p l e s .  A s  
shown i n  f i g u r e  4 ,  a p l a t e a u  r e s p o n s e  i s  n e v e r  o b t a i n e d  f o r  these two cases, 
and t h e  c o n c e n t r a t i o n  o f  t h e  incoming  H C 1  m i x t u r e  c a n n o t  be  d i r e c t l y  d e t e r -  
mined.  T e c h n i q u e s  f o r  e s t i m a t i n , g  t h e  H C 1  c o n c e n t r a t i o n  when a p l a t e a u  
r e s p o n s e  i s  n o t  o b t a i n e d  are  d i s c u s s e d  i n  r e f e r e n c e  1 2 ,  b u t  these  e s t i m a t i o n  
t e c h n i q u e s  r e q u i r e  a n  a s s u m p t i o n  a b o u t  t h e  time d e p e n d e n c e  o f  t h e  c o n c e n t r a -  
t i o n  o f  t h e  incoming  H C 1  stream. However,  f o r  a l l  t h r e e  cases shown i n  f i g -  
u r e  4, t h e  area u n d e r  t h e  da t a  t race i s  e q u i v a l e n t  t o  t h e  mass o f  H C 1  sam- 
p l e d .  F i a u r e  5 shows a t y p i c a l  d a t a  t r ace  o b t a i n e d  i n  t h e  f i e l d  d u r i n g  
l a u n c h  v e h i c l e  m o n i t o r i n g  a t  t h e  J o h n  F .  Kennedy S p a c e  C e n t e r .  As i n d i c a t e d  
i n  t h e  f i g u r e ,  a p l a t e a u  r e s p o n s e  was n o t  o b t a i n e d .  The  p l a t e a u  s e n s i t i v i t y  
o f  t h e  i n s t r u m e n t  f o r  t h e  measu remen t s  shown i n  f i g u r e  5 i s  0 . 6  mV/ppm. 
A s  p r e v i o u s l y  n o t e d ,  t h e  mass o f  
To s u m m a r i z e ,  t h e  m i c r o c o u l o m e t e r  method i s  one  o f  t h e  more r e l i a b l e  
me thods  f o r  m o n i t o r i n g  a m b i e n t  H C 1  d o s a g e s  a n d ,  i n  many cases,  c o n c e n t r a -  
t i o n s .  For many a p p l i c a t i o n s ,  t h e  l i m i t a t i o n  o f  t h e  t e c h n i q u e  f o r  d e t e r m i n -  
i n g  H C 1  c o n c e n t r a t i o n s  i s  n o t  s e r i o u s .  The m i c r o c o u l o m e t e r  i n s t r u m e n t  i s  
a v a i l a b l e  c o m m e r c i a l l y ,  b u t  t h e  i n l e t  s y s t e m  i s  n o t .  
M o d i f i e d  c o n d e n s a t i o n - n u c l e i  c o u n t e r  method.-  The m o d i f i e d  c o n d e n s a t i o n  
n u c l e i  c o u n t e r  method i s  shown s c h e m a t i c a l l y  i n  f i g u r e  6 .  T h i s  method works 
on t h e  p r i n c i p l e  of  c o n v e r t i n g  H C 1  t o  ammonium c h l o r i d e  ( N H 4 C 1 )  by p a s s i n g  
t h e  a i r  sample  o v e r  a s o l u t i o n  o f  ammonium h y d r o x i d e  ( N H 4 0 H ) . .  The N H 4 C 1  p a r -  
t i c l e s  are d e t e c t e d  by a c o n v e n t i o n a l  c o n d e n s a t i o n  n u c l e i  c o u n t e r  u s i n g  l i g h t  
s ca t t e r ing  p r i n c i p l e s .  The p a r t i c l e  c o u n t  i s  t h e n  r e l a t e d  by l a b o r a t o r y  c a l i -  
b r a t i o n  t o  t h e  H C 1  c o n c e n t r a t i o n  of  t h e  incoming  s a m p l e  stream. The method 
e x i s t s  as a b r e a d b o a r d  u n i t  which h a s  been  e v a l u a t e d  i n  t h e  l a b o r a t o r y  f o r  
HC1-dry N 2  m i x t u r e s  f rom a b o u t  1- t o  10-ppm H C 1 .  
t h e  H C 1  c o n v e r t e r .  Because  o f  t h e  s e n s i t i v i t y  o f  t h e  c o n d e n s a t i o n  n u c l e i  
c o u n t e r ,  o n l y  a p o r t i o n  o f  t h e  incoming  H C 1  stream i s  reacted w i t h  t h e  ammo- 
n i a .  The p r i m a r y  p rob lem w i t h  t h e  t e c h n i q u e  i s  a s t e a d i l y  i n c r e a s i n g  p a r t i -  
c l e  ( b a c k g r o u n d )  c o u n t  w i t h  i n c r e a s e d  i n s t r u m e n t  u s a g e .  T h i s  p a r t i c l e  c o u n t  
is a t t r i b u t e d  t o  t h e  r e a c t i v i t y  o f  b o t h  H C 1  and ammonia i n  t h e  p r e s e n c e  o f  
water and t h e  r e s u l t i n g  i n t e r n a l  c o r r o s i o n  o f  t h e  i n s t r u m e n t .  Rep lacemen t  
of t h e  H C 1  c o n v e r t e r  componen t s  w i t h  more i n e r t  (Tef lon)  componen t s  h a s  
f a i l e d  t o  a l l e v i a t e  t h e  p r o b l e m .  Much o f  t h e  c o r r o s i o n  o c c u r s  i n  t h e  conden- 
s a t i o n  n u c l e i  c o u n t e r ,  and  t h e  o n l y  r e c o g n i z e d  s o l u t i o n  i s  t o  r e b u i l d  t h e  
c o u n t e r  u s i n g  i n e r t  materials. I n i t i a l  l a b o r a t o r y  r e s u l t s  i n d i c a t e d  t h a t  
t h e  i n s t r u m e n t  h a s  some p o t e n t i a l  t o  d e t e c t  1- t o  2-ppm H C 1  w i t h  a r e s p o n s e  
F i g u r e  7 shows a d i a g r a m  o f  
time o f  a few s e c o n d s .  However, t h e  p rob lem of c o r r o s i o n  n e g a t e s  a n y  mean- 
i n g f u l  c o n c l u s i o n s .  A s  p r e v i o u s l y  n o t e d ,  p r i m a r y  c h a n g e s  i n  t h e  breadboard 
u n i t  would be r e q u i r e d  f o r  a d d i t i o n a l  s t u d i e s  t o  be  c o n d u c t e d .  I n  a d d i t i o n ,  
t h e  p r e l i m i n a r y  l a b o r a t o r y  r e s u l t s  i n d i c a t e  t h a t  t h e  i n l e t  f i l t e r ,  t h e  i n l e t  
t u b u l a t i o n ,  and t h e  s i l i c o n e  r u b b e r  membrane (see f i g .  7 )  would r e s u l t  i n  
s i g n i f i c a n t  H C 1  s c a v e n g i n g  when m o i s t  H C 1  e n v i r o n m e n t s  are s a m p l e d .  Removal 
of t h e  i n l e t  f i l t e r  would c a u s e  a d d i t i o n a l  p r o b l e m s  w i t h  t h e  p a r t i c u l a t e  
l o a d i n g  i n  t h e  a m b i e n t  e n v i r o n m e n t .  On ly  t h e  b r e a d b o a r d  i n s t r u m e n t  e x i s t s ,  
and a d d i t i o n a l  deve lopmen t  i s  n o t  a n t i c i p a t e d .  
Dua l  i s o t o p e  i n f r a r e d  a b s o r p t i o n  method.-  The d u a l  i s o t o p e  method 
b e l o n g s  t o  t h e  n o n d i s p e r s i v e  i n f r a r e d  c lass  of a n a l y z e r s .  I n  t h e  p r e s e n t  
a p p l i c a t i o n  f o r  H C 1  d e t e c t i o n ,  two c e l l s  each c o n t a i n i n g  a s t a b l e  i s o t o p i c  
s p e c i e s  o f  hydrogen  c h l o r i d e ,  HC135 or  ~ ~ 1 3 7 ,  are  mounted i n  a c h o p p e r  whee l  
assembly  and r o t a t e d  t o  a l t e r n a t e l y  f i l t e r  r a d i a t i o n  f rom a n  i n f r a r e d  s o u r c e .  
The two a l t e r n a t i n g  i n f r a r e d  beams, one  m i s s i n g  HC135 r a d i a t i o n  and one  miss- 
i n g  ~ ~ 1 3 7  r a d i a t i o n ,  are p a s s e d  t h r o u g h  t h e  sample c e l l  ( a m b i e n t  H C 1  i s  
a p p r o x i m a t e l y  7 5 - p e r c e n t  ~ ~ 1 3 ~  and 2 5 - p e r c e n t  ~ ~ 1 3 ~  ) where t h e  beam m i s s i n g  
~ ~ 1 3 ~  i s  o n l y  s l i g h t l y  r e d u c e d  i n  e n e r g y ,  and  t h e  beam m i s s i n g  HC137 is  
s t r o n g l y  r e d u c e d .  After p a s s i n g  t h r o u g h  t h e  s a m p l e  c e l l ,  t h e  a l t e r n a t i n g  
r a d i a t i o n  p u l s e s  a re  c o n v e r t e d  t o  e l e c t r i c a l  s i g n a l s  by a s o l i d - s t a t e  detec- 
t o r .  R a t i o  c o m p a r i s o n s  o f  t h e  two a l t e r n a t i n g  s i g n a l s  and p r o p e r  s i g n a l  con- 
d i t i o n i n g  y i e l d  a v o l t a g e  p r o p o r t i o n a l  t o  t h e  H C 1  c o n c e n t r a t i o n  i n  t h e  s a m p l e  
c e l l .  T h e o r e t i c a l l y ,  t h e  i n s t r u m e n t  r e s p o n d s  o n l y  t o  g a s e o u s  H C 1 .  Changes 
i n  o p t i c a l  and t r a n s m i s s i o n  p r o p e r t i e s  d u e  t o  c o n t a m i n a t i o n  o r  p r e s e n c e  o f  
o t h e r  known p o l l u t a n t s  a f fec t  b o t h  p u l s e s  e q u a l l y  b u t  d o  n o t  a f f ec t  t h e  r a t i o  
measu remen t .  F i g u r e  8 shows a d i a g r a m  o f  t h e  o p e r a t i o n  o f  t h e  i n s t r u m e n t .  
The e n e r g y  s p e c t r a  o f  t h e  r a d i a t i o n  a t  v a r i o u s  p o i n t s  w i t h i n  t h e  u n i t  a re  
a l s o  shown i n  f i g u r e  8 .  
C u r r e n t l y ,  t h e  i n s t r u m e n t  e x i s t s  as a b r e a d b o a r d  u n i t  which h a s  been  
e v a l u a t e d  i n  t h e  l a b o r a t o r y .  T h i s  l a b o r a t o r y  e v a l u a t i o n  i s  d i s c u s s e d  i n  
d e t a i l  i n  r e f e r e n c e  I 3  and t h u s  i s  o n l y  summarized i n  t h i s  r e p o r t .  F i g u r e  9 
shows a t y p i c a l  d a t a  t race from t h e  i n s t r u m e n t .  For  t h i s  p a r t i c u l a r  t race ,  
a m i x t u r e  o f  9-ppm H C 1  i n  d r y  N 2  was i n t r o d u c e d  i n t o  t h e  i n s t r u m e n t  a t  a f l o w  
ra te  o f  a p p r o x i m a t e l y  1 l / m i n .  S t u d i e s  o f  t h i s  t y p e  showed t h e  d e t e c t o r  t o  
have  a l o w e r  d e t e c t i o n  l i m i t  o f  a b o u t  0 . 3  ppm and a r e s p o n s e  time t o  90 p e r -  
c e n t  o f  r e a d i n , g  a t  a p p r o x i m a t e l y  8 see.  A d d i t i o n a l  s t u d i e s  a t  f l o w  r a t e s  o f  
1 Usee  showed t h a t  a r e s p o n s e  time o f  a p p r o x i m a t e l y  2 . 2  see c o u l d  be' 
o b t a i n e d  ( e l e c t r o n i c  time c o n s t a n t  o f  i n s t r u m e n t  is 2 . 2  see)  w i t h o u t  s i g n i f i -  
c a n t  i n c r e a s e s  i n  n o i s e - t o - s i g n a l  r a t i o .  I n t e r f e r e n c e  s t u d i e s  f o r  s u c h  s p e -  
c ies  as C O ,  C 0 2 ,  H 2 0 ,  C H 4 ,  and n-C6HI4 are  summarized i n  t a b l e  111. 
these i n t e r f e r e n c e  s t u d i e s ,  a s  w e l l  as o t h e r s  r e p o r t e d  i n  t h i s  p a p e r ,  t h e  
i n t e r f e r e n c e  s p e c i e s  was i n t r o d u c e d  t o  t h e  i n s t r u m e n t  i n  t h e  a b s e n c e  o f  a n y  
H C 1 .  A m a j o r  problem w i t h  t h e  i n s t r u m e n t  h a s  been  t h e  d e t e c t i o n  o f  H C 1  i n  
m o i s t  airstreams when b o t h  H C 1  and water v a p o r  c o n d e n s e  on  t h e  walls o f  t h e  
sample c e l l .  The r e s u l t  o f  t h i s  c o n d e n s a t i o n  h a s  been  u n a c c e p t a b l e  z e r o  s ta -  
b i l i t y .  R e d e s i g n  o f  t h e  s a m p l e  c e l l  o r  i n c o r p o r a t i o n  o f  a n  ' ropenrl  c e l l  i n t o  
t h e  i n s t r u m e n t  s h o u l d  m i n i m i z e  or e l i m i n a t e  t h i s  p r o b l e m .  I n  t h e  p r e s e n t  
c o n f i g u r a t i o n ,  t h e  i n s t r u m e n t  i s  n o t  a c c e p t a b l e  f o r  m o n i t o r i n g  H C 1  i n  m o i s t  
a m b i e n t  e n v i r o n m e n t s  a t  ppm c o n c e n t r a t i o n s .  
For 
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Gas .filter c o r r e l a t i o n  method.-  The gas f i l t e r  c o r r e l a t i o n  s p e c t r o p h o -  
tometer ( r e f .  1 4 )  is  a m o d i f i c a t i o n  o f  t h e  n o n d i s p e r s i v e  i n f r a r e d  a n a l y z e r .  
R a d i a t i o n  from a s o u r c e ,  a t  a w a v e l e n g t h  of 3 t o  4 um, p a s s e s  t h r o u g h  t h e  
sample  c e l l  where  i t  is  s p e c t r a l l y  a b s o r b e d  by  H C 1  and  i s  a l s o  a b s o r b e d  by  
i n t e r f e r i n g  gases. The r a d i a t i o n ,  h a v i n g  t r a v e r s e d  t h e  sample  c e l l ,  is  a l t e r -  
n a t e l y  p a s s e d  t h r o u g h  a reference c e l l  ( t y p i c a l l y  N2) o r  t h r o u g h  a s p e c i f y i n g  
c e l l  ( H C 1 ) .  When t h e  r a d i a t i o n  t r a v e r s e s  t h e  reference c e l l ,  i t  is  u n a t t e n u -  
a t e d  ( u n a b s o r b e d ) ;  b u t  when t h e  r a d i a t i o n  t r a v e r s e s  t h e  s p e c i f y i n g  c e l l ,  i t  
is f u r t h e r  a t t e n u a t e d  a t  t h e  a b s o r p t i o n  l i n e s  of H C 1 .  The r e s u l t  i s  a n  a l t e r -  
n a t i n g  s i g n a l  g e n e r a t e d  a t  t h e  d e t e c t o r ,  and t h e  m a g n i t u d e  of  t h e  s i g n a l  is  
r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of t h e  g a s e o u s  H C l  i n  t h e  s a m p l e  c e l l .  F ig-  
u r e  10 shows a d i a g r a m  o f  t h e  i n s t r u m e n t .  The lower d e t e c t i o n  l i m i t  o f  a n  
i n s t r u m e n t  o f  t h i s  t y p e  is  a b o u t  1 ppm w i t h  a r e s p o n s e  of  a few s e c o n d s  t o  
9 0 - p e r c e n t  r e a d i n g .  Lower d e t e c t i o n  l i m i t s  are p o s s i b l e  by  t r a d e - o f f s  w i t h  
s p e c i f i c i t y ;  t h i s  trade-off i s  u s u a l l y  a problem area,  however ,  s i n c e  b o t h  
methane  ( C H 4 )  and  water v a p o r  h a v e  i n t e r f e r e n c e  l i n e s  i n  t h e  3.5-vm r a n g e ,  
and b o t h  are common a m b i e n t  c o n s t i t u e n t s .  A t  t h e  l-ppm lower d e t e c t i o n  
l i m i t ,  t h e s e  i n t e r f e r e n t s  c a u s e  n o  d i f f i c u l t y ;  however ,  a p r i m a r y  problem 
c a n  be s o r p t i v e  l o s ses  of  H C 1  i n  t h e  sample  c e l l .  For a p p l i c a t i o n  i n  m o i s t  
a m b i e n t  e n v i r o n m e n t s ,  t h e  b a s i c  t e c h n i q u e  c a n  b e  e x t e n d e d  t o  a n  'lopen" c e l l  
s a m p l i n g  a p p r o a c h  which e l i m i n a t e s  t h e  s o r p t i v e  l o s s  problem.  
An open  c e l l  gas f i l t e r  c o r r e l a t i o n  i n s t r u m e n t  h a s  been  c o n s t r u c t e d  t o  
make H C 1  c o n c e n t r a t i o n  measu remen t s  i n  t h e  ambien t  e n v i r o n m e n t .  The i n s t r u -  
ment d e v e l o p e d  i s  a d u a l  c h a n n e l  model  which  s e n s e s  b o t h  G O  and HC1. T h i s  
i n s t r u m e n t  i s  d e s i g n e d  t o  o p e r a t e  w h i l e  loca ted  i n  t h e  c a b i n  of  a n  a i r c r a f t ,  
and a r e t r o r e f l e c t o r  is  l o c a t e d  e x t e r n a l l y .  The  o p e n  cell: i s  t h a t  area 
between t h e  i n s t r u m e n t  and t h e  r e t r o r e f l e c t o r .  F i g u r e  11 shows a d i a g r a m  of  
t h e  i n s t r u m e n t .  The 5-m d i s t a n c e  be tween  t h e  i n s t r u m e n t  and  t h e  r e t ro re f l ec -  
t o r  r e s u l t s  i n  a t o t a l  o p t i c a l  p a t h  f o r  t h e  measurement  of  10 m .  The open  
c e l l  c o r r e l a t i o n  i n s t r u m e n t  i s  similar i n  p r i n c i p l e  t o  t h e  c losed  c e l l  i n s t r u -  
ment a l r e a d y  d e s c r i b e d  and i s  summarized be low.  (See f i g .  1 1 . )  
A s  p r e v i o u s l y  m e n t i o n e d ,  t h e  i n f r a r e d  s o u r c e ,  c h o p p e r ,  s p l i t  c e l l ,  
o p t i c s ,  and d e t e c t o r s  are  packaged  i n  a u n i t  and a r e  loca ted  a t  a c a b i n  win- 
dow w i t h i n  t h e  a i r c r a f t .  The  r e t r o r e f l e c t o r  i s  located o n  t h e  wing t i p  of  t h e  
a i r c r a f t ,  5 m from t h e  c a b i n  window. T h e  i n f r a r e d  s o u r c e  r a d i a n c e  i s  p a s s e d  
t h r o u g h  a c h o p p e r  wheel  and  t h e n  i s  modu la t ed  by  a r o t a t i n g  s p l i t  g a s  c e l l .  
One s e c t i o n  of t h e  s p l i t  c e l l  c o n t a i n s  H C 1  d i l u t e d  w i t h  d r y  N 2 ,  w h e r e a s  t h e  
o t h e r  c o n t a i n s  CO d i l u t e d  w i t h  d r y  N . S i n c e  t h e  s p e c t r a l  b a n d s  of  H C 1  and 
CO do n o t  o v e r l a p ,  t h e  a l t e r n a t e  e e l ?  i s  u s e d  as a r e f e r e n c e  c e l l  f o r  each of 
t h e  gases. ( T h e  CO-N c e l l  i s  t h e  r e f e r e n c e  c e l l  f o r  t h e  H C 1  measu remen t . )  
The chopped l i g h t  i s  $hen co l l imated  by a l e n s  o n t o  a beam s p l i t t e r  which 
d i r e c t s  t h e  l i g h t  t h r o u g h  t h e  window, and  o n t o  t h e  r e t r o r e f l e c t o r  t o  m o n i t o r  
t h e  H C 1  and CO o u t s i d e  t h e  a i r c r a f t .  The re f lec tor  b e n d s  t h e  beam b a c k  
t h r o u g h  t h e  window, t h e n  t h r o u g h  t h e  beam s p l i t t e r ,  and  t h e  l i g h t  i s  f o c u s e d  
by  a s e c o n d  l e n s  and  beam s p l i t t e r  o n t o  two s o l i d - s t a t e  d e t e c t o r s .  Narrow 
band-pass  f i l t e r s  a re  located i n  f r o n t  of  each d e t e c t o r  s o  t h a t  o n l y  t h e  
a b s o r p t i o n  o f  a s e l e c t e d  H C 1  band ( 3 . 4  pm)  i s  o b s e r v e d  by  o n e  d e t e c t o r ,  and  
a n o t h e r  s e l e c t e d  CO band ( 4 . 6  pm)  i s  o b s e r v e d  b y  t h e  o t h e r  d e t e c t o r .  These  
s i g n a l s  are s e p a r a t e d  e l e c t r o n i c a l l y  b y  u s i n g  t h e  m o d u l a t i n g  and c h o p p e r  fre- 
quency  as r e f e r e n c e s .  The s i g n a l s  be tween  t h e  c o r r e s p o n d i n g  r e f e r e n c e  c e l l  
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and s p e c i f y i n g  c e l l  are s u b t r a c t e d  and related t o  t h e  p o l l u t a n t  a v e r a g e  con- 
c e n t r a t i o n  i n  t h e  10-m o p t i c a l  p a t h .  O u t p u t  v a r i a t i o n s  as  t h e  r e s u l t  of 
i n f r a r e d  s o u r c e  v a r i a t i o n s ,  t r a n s m i s s i o n  c h a n g e s  o f  t h e  o p t i c a l  p a t h ,  and 
t e m p e r a t u r e  c h a n g e s  are a d j u s t e d  by  c o m p a r i s o n  of  a r e f e r e n c e  s i g n a l  w i t h  
t h e  s i g n a l  d i f f e r e n c e  between t h e  two c e l l s .  
F i g u r e  12 shows t h e  r e s u l t s  of H C 1  l a b o r a t o r y  c a l i b r a t i o n  o f  t h e  i n s t r u -  
ment .  The c a l i b r a t i o n  t e c h n i q u e  c o n s i s t s  of p l a c i n g  a 15-cm diameter by I-m- 
l o n g  glass  c e l l  w i t h  s a p p h i r e  end windows be tween  t h e  i n s t r u m e n t  p a c k a g e  and 
t h e  r e t r o r e f l e c t o r ,  and HC1-dry N2 m i x t u r e s  f l o w  t h r o u g h  t h e  c a l i b r a t i o n  
c e l l .  S i n c e  t h e r e  are no s o r p t i v e  l o s s e s  associated w i t h  t h e  o p e r a t i o n  o f  
t h e  i n s t r u m e n t  ( t h a t  i s ,  there i s  no s a m p l e  c e l l ) ,  t h i s  c a l i b r a t i o n  t e c h n i q u e  
is  a c c e p t a b l e  f o r  e v a l u a t i o n  o f  t h e  i n s t r u m e n t  f o r  m e a s u r e m e n t s  i n  m o i s t  ambi- 
e n t  e n v i r o n m e n t s .  As shown i n  f i g u r e  1 2 ,  t h e  gas c o n c e n t r a t i o n  i s  e x p r e s s e d  
i n d i r e c t l y  i n  terms o f  column d e n s i t y  o r  c o n c e n t r a t i o n  by  p a t h - l e n g t h  prod-  
u c t .  Because o f  n o i s e  l i m i t a t i o n s  o f  t h e  d e t e c t o r ,  t h e . l o w e s t  c o n c e n t r a t i o n  
measu red  i n  t h e  l a b o r a t o r y  was 50 ppm-m. T h i s  50 ppm-m i s  e q u i v a l e n t  t o  a 
5-ppm c o n c e n t r a t i o n  o v e r  a 10-m p a t h .  A s  shown,  t h e  i n s t r u m e n t  i s  s l i g h t l y  
n o n l i n e a r  a t  t h e  h i g h e r  c o n c e n t r a t i o n s ,  and t h e  l a b o r a t o r y  r e s u l t s  and  t h e  
c a l i b r a t i o n  o f  t h e  m a n u f a c t u r e r  agree r e a s o n a b l y  w e l l .  I n  a d d i t i o n  t o  t h e  
c a l i b r a t i o n  s t u d i e s ,  i n t e r f e r e n c e  s t u d i e s  were a l s o  p e r f o r m e d  u s i n g  t h e  same 
c a l i b r a t i o n  s e t u p .  A s  s t a t ed  e a r l i e r ,  me thane  and water v a p o r  are  e x p e c t e d  
i n t e r f e r e n t s .  For  H C 1  d e t e c t i o n  and t h i s  p a r t i c u l a r  i n s t r u m e n t ,  i n t e r f e r e n c e  
s t u d i e s  were l i m i t e d  t o  these e x p e c t e d  i n t e r f e r e n t s  and CO ( t h e  s e c o n d  chan-  
n e l  p o l l u t a n t ) .  No c h a n n e l  p o l l u t a n t  i n t e r f e r e n c e  was o b s e r v e d  f o r  CO o r  
water v a p o r ,  e v e n  f o r  c o n d i t i o n s  s i m u l a t i n g  1 0 0 - p e r c e n t  r e l a t i v e  h u m i d i t y  i n  
t h e  c a l i . b r a t i o n  c e l l .  Fo r  m e t h a n e ,  a 100 ppm-m column d e n s i t y  i s  e q u i v a l e n t  
t o  1 ppm-m H C 1  s i g n a l .  
To summar ize ,  t h e  e x i s t i n g  i n s t r u m e n t  h a s  a g a s e o u s  H C 1  d e t e c t i o n  l i m i t  
o f  a b o u t  5 ppm f o r  a 10-m p a t h  ( 5 0  ppm-m) and a r e s p o n s e  o f  a b o u t  10 sec t o  
90 p e r c e n t  o f  r e a d i n g .  M o d i f i c a t i o n s  t o  t h e  time c o n s t a n t  c a n  r e s u l t  i n  a 
r e s p o n s e  o f  a b o u t  1 sec w i t h o u t  s e r i o u s  i n c r e a s e  i n  t h e  l o w e r  d e t e c t i o n  
l i m i t .  The s t a n d a r d  gas f i l t e r  c o r r e l a t i o n  i n s t r u m e n t  ( s i n g l e  c h a n n e l )  i s  
a v a i l a b l e  c o m m e r c i a l l y ;  d u a l  c h a n n e l  u n i t s  are  o b t a i n a b l e  by r e q u e s t  and may 
r e q u i r e  some r e s e a r c h  and deve lopmen t  work by t h e  m a n u f a c t u r e r .  
C h e m i l u m i n e s c e n t  method - n i t r i c  o x i d e  d e t e c t i o n . -  The p r i n c i p l e  o f  o p e r a -  
t i o n  o f  t h i s  method ( G r a n t  N G R  23-005-599, U n i v e r s i t y  o f  M i c h i g a n )  i s  t h e  
r e a c t i o n  of H C 1  %as w i t h  ammonia, and t h e  c o n v e r s i o n  o f  t h e  r e m a i n i n g  ammonia 
t o  n i t r i c  o x i d e  ( N O ) .  The  NO i s  t h e n  d e t e c t e d  by  u s i n g  a c o n v e n t i o n a l  chemi- 
l u m i n e s c e n t  N O  d e t e c t o r .  F i g u r e  13 shows a d i a g r a m  o f  t h e  o p e r a t i o n a l  p r i n -  
c i p l e s .  The  incoming  H C 1  reacts  w i t h  a known ( e x c e s s )  c o n c e n t r a t i o n  o f  
ammonia ( p e r m e a t i o n  t u b e )  t o  p r o d u c e  WH C 1  p a r t i c l e s  which are  f i l t e r e d  from 
t h e  airstream. The e x c e s s  ammonia r e m a i n i n g  i n  t h e  a i r s t r e a m  i s  c o n v e r t e d  
t o  NO when i t  p a s s e s  a hea t ed  p l a t i n u m  b e d .  The r e s u l t i n n  NO i s  measured 
w i t h  a commerc ia l  c h e m i l u m i n e s c e n t  d e t e c t o r .  A s  t h e  H C 1  c o n c e n t r a t i o n  i n  t h e  
sample stream i n c r e a s e s ,  more ammonia i s  used  i n  t h e  c o n v e r s i o n  p r o c e s s ,  and 
less NO i s  g e n e r a t e d  by t h e  h e a t e d  p l a t i n u m  b e d .  T h u s ,  t h e  decrease i n  NO a t  
t h e  d e t e c t o r  i s  r e l a t ed  t o  t h e  i n c r e a s e d  c o n c e n t r a t i o n  o f  HC1 i n  t h e  sample  
stream. T h e o r e t i c a l l y ,  t h e  d e t e c t i o n  l i m i t  of  t h e  t e c h n i q u e  is  0 .05  ppm, b u t  
t h i s  has n o t  been d e m o n s t r a t e d  i n  t h e  b r e a d b o a r d  u n i t .  T y p i c a l l y ,  1- t o  
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2-ppm H C 1  c a n  b e  d e t e c t e d  i n  t h e  l a b o r a t o r y  i f  some care i s  u s e d .  Response 
time is  t y p i c a l l y  a few s e c o n d s  t o  90 p e r c e n t  o f  r e a d i n a ;  however ,  d e c a y  t o  
z e r o  b a s e l i n e  i s  s l o w e r ,  a p p r o x i m a t e l y  30 sec a t  2 ppm. L a b o r a t o r y  e v a l u a -  
t i o n  o f  t h e  b r e a d b o a r d  u n i t  h a s  been  l i m i t e d ,  and o n l y  t h e  b r e a d b o a r d  i n s t r u -  
ment e x i s t s .  
Chemiluminescent method - l u m i n o l  o x i d a t i o n . -  T h i s  c h e m i l u m i n e s c e n t  method 
( r e f .  1 5 )  i s  b a s e d  on a c h e m i l u m i n e s c e n t  reac t ion  i n  which v i s i b l e  l i g h t  i s  
g e n e r a t e d  i n  a n  a l k a l i n e  s o l u t i o n  o f  l u m i n o l  d u r i n g  o x i d a t i o n  by h y d r o g e n  
p e r o x i d e .  F i g u r e  14 shows a d i a g r a m  of t h e  o p e r a t i n g  p r i n c i p l e .  The i n s t r u -  
ment c o n t a i n s  a r e a c t i o n  c e l l  from which t h e  v i s i b l e  l i g h t  i s  m o n i t o r e d  by  a 
p h o t o m u l t i p l i e r  t u b e .  The o u t p u t  l i g h t  from t h e  c e l l  i s  p r o p o r t i o n a l  t o  t h e  
H C 1  c o n c e n t r a t i o n  of t h e  i n c o m i n g  s a m p l e  stream. P r io r  t o  r e a c h i n g  t h e  reac- 
t i o n  c e l l ,  t h e  incoming  gas stream is p a s s e d  t h r o u g h  a n  a l u m i n a  t u b e  c o a t e d  
w i t h  sodium b r o m a t e  and sod ium b r o m i d e .  T h i s  c o a t i n g  reac ts  w i t h  t h e  H C 1  t o  
p r o d u c e  a ser ies  o f  b r o m i n e - c h l o r i n e  compounds which c a t a l y z e  t h e  l u m i n o l  
o x i d a t i o n  ( c h e m i l u m i n e s c e n t  p r o c e s s ) .  The u n i q u e  f e a t u r e  o f  t h i s  chemilumi-  
n e s c e n t  d e t e c t o r  i s  t h e  c o a t e d  a l u m i n a  t u b e  ( i n s t r u m e n t  i n l e t  s y s t e m )  which 
makes u s e  o f  t h e  r e a c t i v i t y  o f  H C 1  a t  t h e  low ppm c o n c e n t r a t i o n s .  T h i s  
c o a t e d  a l u m i n a  t u b e  e l i m i n a t e s  t h e  HC1- in l e t  r e a c t i o n  p rob lem e n c o u n t e r e d  
w i t h  most o t h e r  i n s t r u m e n t s  when s a m p l i n g  m o i s t  a m b i e n t  e n v i r o n m e n t s .  Refer- 
e n c e  15 d e s c r i b e s  i n  some d e t a i l  t h e  d e t e c t i o n  c a p a b i l i t i e s  o f  t h e  
i n s t r u m e n t .  
A b r i e f  summary of r e f e r e n c e  I 5  g i v e s  t h e  da t a  o f  f i g u r e  15 .  F i g u r e  15 
shows t h e  r e s u l t s  o f  l a b o r a t o r y  c a l i b r a t i o n  o f  t h e  i n s t r u m e n t  f rom 0.05-ppm 
t o  50-ppm H C 1 .  A l l  c a l i b r a t i o n s  were pe r fo rmed  w i t h  m i x t u r e s  o f  m o i s t  a i r  
( 6 0  t o  70 p e r c e n t  r e l a t i v e  h u m i d i t y )  and H C 1  and were accurate t o  a b o u t  
- +IO p e r c e n t .  The b r o k e n  l i n e s  i n  t h e  f i g u r e  i n d i c a t e  t h e  &IO-pe rcen t  accu -  
r a c y  o f  t h e  H C 1  m i x t u r e s .  From t h i s  c a l i b r a t i o n  d a t a ,  t h e  l o w e r  d e t e c t i o n  
l i m i t  o f  t h e  i n s t r u m e n t  i s  a t  l ea s t  0 . 0 5  ppm ( l o w e s t  H C 1  c o n c e n t r a t i o n  t h a t  
c o u l d  be r e p e a t a b l y  p r e p a r e d  i n  t h e  l a b o r a t o r y ) .  However, based on s i g n a l -  
n o i s e  r a t i o s ,  some l a b o r a t o r y  d a t a ,  and some f i e l d  m o n i t o r i n g  e x p e r i e n c e ,  t h e  
i n s t r u m e n t  i s  b e l i e v e d  t o  have  a l o w e r  d e t e c t i o n  l i m i t  o f  a b o u t  5 p a r t s  p e r  
b i l l i o n  by volume ( p p b ) .  S t u d i e s  a re  c u r r e n t l y  b e i n g  c o n d u c t e d  t o  v e r i f y  
t h i s  d e t e c t i o n  l i m i t .  F i g u r e  16 i l l u s t r a t e s  t h e  r e s p o n s e  time o f  t h e  i n s t r u -  
ment t o  moist-air-HC1 m i x t u r e s .  F o r  f i g u r e  1 6 ( a ) ,  t h e  incoming  H C 1  s a m p l e  
stream was v a r i e d  e v e r y  10 sec by a p p r o x i m a t e l y  1 ppm from 0- t o  10-ppm HC1; 
w h e r e a s ,  i n  f i g u r e  1 6 ( b ) ,  t h e  v a r i a t i o n  was 0 .1  ppm e v e r y  10 sec from 0 t o  
1 ppm. A s  c a n  be  s e e n  i n  f i g u r e  1 6 ,  t h e  r e s p o n s e  of t h e  i n s t r u m e n t  i s  a few 
s e c o n d s  a t  t h e s e  l e v e l s .  T a b l e  I V  summar izes  t h e  r e s p o n s e  time o f  t h e  i n s t r u -  
m e n t ,  and some r e s u l t s  from i n t e r f e r e n c e  s t u d i e s  c o n d u c t e d  t o  d a t e  are  g i v e n  
i n  t a b l e  V .  F i g u r e  17 i s  a t y p i c a l  d a t a  trace o b t a i n e d  d u r i n g  LVE m o n i t o r i n g  
a t  t h e  J o h n  F. Kennedy S p a c e  C e n t e r .  
I n  summary, t h i s  d e t e c t o r  is  c o m m e r c i a l l y  a v a i l a b l e  and i s  c u r r e n t l y  
b e i n g  u s e d  by a number o f  o r g a n i z a t i o n s  t o  make g r o u n d - l e v e l  and  a i r b o r n e  
a m b i e n t  H C 1  measu remen t s .  I n  a d d i t i o n ,  l a b o r a t o r y  s t u d i e s  are b e i n g  c o n t i n -  
ued t o  f u r t h e r  d e f i n e  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  i n s t r u m e n t .  
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Comparison o f  T e c h n i q u e s  
T a b l e  V I  c o n t a i n s  a b r i e f  summary o f  t h e  t e c h n i q u e s  d i s c u s s e d  i n  t h i s  
r e p o r t .  Where bo th  p e r f o r m a n c e  da ta  f o r  a g e n e r a l  t e c h n i q u e  and  a s p e c i f i c  
i n s t r u m e n t  u s i n g  t h a t  t e c h n i q u e  were d i s c u s s e d  i n  t h i s  r e p o r t ,  t ab le  V I  data 
are f o r  t h e  s p e c i f i c  i n s t r u m e n t .  The l o w e r  d e t e c t i o n  l i m i t  and  r e s p o n s e  time 
o f  t h e  measurement  i n  c o m p a r i s o n  w i t h  t h e  p h y s i c a l  phenomena b e i n g  measu red  
must be c o n s i d e r e d  when s e l e c t i n g  a t e c h n i q u e  f o r  a g i v e n  a p p l i c a t i o n .  It 
must  be r e c o g n i z e d  t h a t  c o m p l e t e  i n t e r f e r e n c e  ( s p e c i f i c i t y )  s t u d i e s  h a v e  n o t  
been pe r fo rmed  f o r  most  o f  t h e  t e c h n i q u e s  d i s c u s s e d .  The e x i s t i n g  i n t e r -  
f e r e n c e  da ta  are a n  o u t g r o w t h  o f  s p e c i f i c i t y  s t u d i e s  c o n d u c t e d  f o r  p a r t i c u l a r  
s a m p l i n g  a p p l i c a t i o n s ,  and t h e  da t a  h a v e  n o t  n e c e s s a r i l y  d e f i n e d  a l l  i n t e r -  
f e r e n c e  s p e c i e s .  It i s  recommended t h a t  f o r  a g i v e n  a p p l i c a t i o n  o f  a t e c h -  
n i q u e ,  d e t a i l e d  i n t e r f e r e n c e  s t u d i e s  be c o n s i d e r e d .  The c u r r e n t  s t a t u s  o f  a 
t e c h n i q u e  s h o u l d  a l s o  be c o n s i d e r e d .  Some o f  t h e  t e c h n i q u e s  are  o p e r a t i o n a l  
and r e q u i r e  l i t t l e  a d d i t i o n a l  l a b o r a t o r y  work p r i o r  t o  u s e  f o r  a g i v e n  a p p l i -  
c a t i o n ;  o t h e r s  are  s t i l l  i n  t h e  r e s e a r c h  and  d e v e l o p m e n t  s t a g e s  and r e q u i r e  
c o n s i d e r a b l y  more e f fo r t  and o c c a s i o n a l l y  r e q u i r e  c o n c e p t  c h a n g e s  o r  ha rdware  
r e d e s i g n .  I n  t a b l e  V I  ( co lumn 21, t h e  s t a t u s  o f  e a c h  v e t h o d  i s  shown. The 
three s t a t u s  categories are  d i s c u s s e d  s u b s e q u e n t l y  and a r e  h e l p f u l  i n  de t e r -  
m i n i n g  t h e  s t a t u s  o f  each me thod .  I n  a d d i t i o n ,  t h e  c a t e g o r i e s  i n d i c a t e  con- 
f i d e n c e  i n  t h e  da t a  a v a i l a b l e  f o r  e a c h  me thod .  
O p e r a t i o n a l  c a t e g o r y . -  The me thods  l i s t e d  i n  t h i s  c a t e g o r y  h a v e  been 
e v a l u a t e d  i n  some d e t a i l  f o r  H C 1  measu remen t s  i n  m o i s t  a m b i e n t  e n v i r o n m e n t s .  
There c a n  be r e a s o n a b l e  c o n f i d e n c e  i n  t h e  a v a i l a b l e  da ta  on  t h e  c a p a b i l i t i e s  
of t h e  t e c h n i q u e .  If s u i t e d  f o r  a g i v e n  a p p l i c a t i o n ,  i m p l e m e n t a t i o n  o f  t h e  
t e c h n i q u e  s h o u l d  r e q u i r e  o n l y  l i m i t e d  a d d i t i o n a l  l a b o r a t o r y  s t u d i e s .  The 
p r i m a r y  s h o r t c o m i n g  i n  t h e  a v a i l a b l e  data base i s  t h e  e f fec t  o f  p o l l u t a n t  
i n t e r f e r e n c e s .  I n s t r u m e n t s  r e p r e s e n t a t i v e  o f  these  me thods  o f  d e t e c t i o n  are 
a v a i l a b l e  c o m m e r c i a l l y .  
L a b o r a t o r y  c a t e g o r y . -  The  me thods  i n  t h i s  c a t e g o r y  h a v e  been  e v a l u a t e d  
i n  some d e t a i l  f o r  t h e  m o n i t o r i n g  o f  H C 1  i n  d r y  e n v i r o n m e n t s  ( t y p i c a l l y  N ) ;  
i n  some cases,  c u r s o r y  s t u d i e s  h a v e  been  pe r fo rmed  w i t h  m o i s t  m i x t u r e s .  ?he 
c o n f i d e n c e  i n  t h e  d r y  m i x t u r e  da ta  i s  r e a s o n a b l e .  G e n e r a l l y ,  t h e  m o i s t  mix- 
t u r e  da ta  have  j u s t  enough d e p t h  t o  a s c e r t a i n  t h e  c u r r e n t  c a p a b i l i t y  o f  t h e  
method f o r  d e t e c t i n g  m o i s t  H C 1  m i x t u r e s .  Comprehensive l a b o r a t o r y  s t u d i e s  
are y e t  t o  be  c o n d u c t e d  f o r  t h e  d e t e c t i o n  of  moist m i x t u r e s ;  i n  some cases,  
hardware m o d i f i c a t i o n s  i n  t h e  e x i s t i n g  b r e a d b o a r d  c o n c e p t  are r e q u i r e d  p r i o r  
t o  t h e s e  c o m p r e h e n s i v e  s t u d i e s .  G e n e r a l l y ,  t h i s  i n s t r u m e n t  i s  n o t  a v a i l a b l e  
o f f  t h e  s h e l f ,  b u t  c a n  be o b t a i n e d  i n  c o n j u n c t i o n  w i t h  some r e s e a r c h  and 
deve lopmen t  c o s t s .  
R e s e a r c h  .and Development c a t e a o r v . -  These me thods  e x i s t  a s  c o n c e p t u a l  
d e s i g n s  and p r o t o t y p e  hardware. The  e x i s t i n g  body o f  d a t a  i s  l i m i t e d  t o  d r y  
H C 1  m i x t u r e s  and s t u d i e s  t o  v e r i f y  d e t e c t i o n  p r i n c i p l e s .  I n  p e n e r a l ,  a v a i l -  
abe da t a  are l i m i t e d ,  and p r i m a r y  d e s i g n  o r  hardware c h a n g e s  a r e  r e q u i r e d  




The f o c u s  o f  t h i s  r e p o r t  i s  t h e  summation of a p p r o x i m a t e l y  4 y e a r s  of 
r e s e a r c h  and deve lopmen t  work i n  s e a r c h  o f  a s u i t a b l e  i n  s i t u  hydrogen  
c h l o r i d e  d e t e c t o r  t o  meet t h e  n e e d s  of t h e  l a u n c h  v e h i c l e  e f f l u e n t  m o n i t o r i n g  
program of t h e  N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n .  T h i s  r e p o r t  i s  
not i n t e n d e d  t o  d e t e r m i n e  o r  select  t h e  b e s t  measurement  t e c h n i a u e  f o r  m o n i t o r -  
i n g  hydrogen  c h l o r i d e  i n  t h e  a m b i e n t  e n v i r o n m e n t ,  nor t o  b e  a n  a l l - i n c l u s i v e  
d i s s e r t a t i o n  on hydrogen  c h l o r i d e  d e t e c t i o n  me thods .  The d e t e c t i o n  t e c h n i q u e s  
d i s c u s s e d  are i n  v a r i o u s  stages of d e v e l o p m e n t .  Some t e c h n i q u e s ,  t h o s e  s u i t -  
a b l e  f o r  t h e  l a u n c h  v e h i c l e  e f f l u e n t  p rogram,  are  w e l l  d e v e l o p e d ,  h a v e  b e e n  
c o m p r e h e n s i v e l y  e v a l u a t e d  i n  t h e  l a b o r a t o r y ,  and are o p e r a t i o n a l .  For o t h e r  
t e c h n i q u e s ,  o n l y  t h e  c o n c e p t  and b r e a d b o a r d  i n s t r u m e n t  h a v e  b e e n  t e s t e d .  I n  
most o f  t h e s e  cases, l a c k  o f  f u r t h e r  deve lopmen t  d o e s  n o t  s i g n i f y  a n  u n a c c e p t -  
a ' b l e  d e t e c t i o n  me thod ,  b u t  d o e s  i n d i c a t e  t h a t  t h e  p a r t i c u l a r  t e c h n i q u e  i s  n o t  
as a t t r a c t i v e  a method as  o t h e r s  f o r  t h e  l a u n c h  v e h i c l e  e f f l u e n t  program. 
For a l l  d e t e c t i o n  me thods  p r e s e n t e d ,  a n  i n s t r u m e n t  ( b r e a d b o a r d  o n l y ,  i n  many 
cases) h a s  been  b u i l t  and t e s t e d .  The i n f o r m a t i o n  i n  t h e  r e p o r t  s h o u l d  a l l o w  
t h e  r e a d e r  t o  j u d g e  which o f  t h o s e  t e c h n i q u e s  d i s c u s s e d  i s  most  s u i t a b l e  f o r  
h i s  i n d i v i d u a l  a p p l i c a t i o n ,  and t o  assess t h e  c u r r e n t  s t a t u s  o f  t h a t  
t e c h n i q u e .  
T h i s  r e p o r t  d i s c u s s e s  n i n e  basic  t e c h n i q u e s  f o r  m o n i t o r i n g  low p a r t s - p e r -  
m i l l i o n  c o n c e n t r a t i o n s  o f  h y d r o g e n  c h l o r i d e  g a s  i n  m o i s t  a m b i e n t  e n v i r o n -  
m e n t s .  T e c h n i q u e s  d i s c u s s e d  i n c l u d e  b o t h  c o n c e n t r a t i o n  ( p a r t s  p e r  m i l l i o n )  
m e a s u r i n g  i n s t r u m e n t s  and d o s a g e  o n l y  ( p a r t s  p e r  m i l l i o n - s e c o n d s )  measure-  
ment t e c h n i q u e s .  The n i n e  t e c h n i q u e s  d i s c u s s e d  are:  ( 1 )  b u . b b l e r ,  ( 2 )  pH, 
( 3 )  i n d i c a t o r  t u b e ,  ( 4 )  m i c r o c o u l o m e t e r ,  ( 5 )  m o d i f i e d  c o n d e n s a t i o n  n u c l e i  
c o u n t e r ,  (6) d u a l  i s o t o p e  i n f r a r e d ,  ( 7 )  p a s  f i l t e r  c o r r e l a t i o n ,  ( 8 )  c h e m i l u -  
m i n e s c e n t  n i t r i c  o x i d e  d e t e c t i o n ,  and ( 9 )  c h e m i l u m i n e s c e n t  l u m i n o l  o x i d a t i o n .  
Data p r e s e n t e d  f o r  e a c h  measurement  t e c h n i q u e  i n c l u d e  l o w e r  d e t e c t i o n  l i m i t ,  
r e s p o n s e  time, a n d ,  i n  some cases ,  s p e c i f i c i t y .  I t  i s  p o i n t e d  o u t  t h a t  t h e  
p r i m a r y  s h o r t c o m i n g  i n  t h e  a v a i l a b l e  da t a  f o r  e a c h  t e c h n i q u e  i s  i n  t h e  s p e c -  
i f i c i t y  o r  i n t e r f e r e n c e  area.  S e v e r a l  o f  t h e  t e c h n i q u e s  d i s c u s s e d  ha-Je t h e  
c a p a b i l i t y  t o  d e t e c t  a m b i e n t  H C 1  c o n c e n t r a t i o n s  be low 1 p a r t  p e r  m i l l i o n  w i t h  
a r e s p o n s e  time o f  s e c o n d s .  
Lang ley  R e s e a r c h  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  and S p a c e  A d m i n i s t r a t i o n  
Hampton, V A  23665 




1 .  G r e g o r y ,  G e r a l d  L . ;  H u l t e n ,  William C . ;  and  Wornom, Dewey E . :  A p o l l o  
S a t u r n  511 E f f l u e n t  Measurements  From t h e  A p o l l o  16 Launch O p e r a t i o n s  - 
An.Exper imen t .  N A S A  TM X-2910, 1974.  
2 .  H u l t e n ,  William C . ;  S t o r e y ,  R i c h a r d  W . ;  G r e g o r y ,  G e r a l d  L . ;  Woods, David 
C . ;  and Harris, F r a n k l i n  S . ,  Jr . :  E f f l u e n t  Sampl ing  o f  S c o u t  I1Dt1 and 
Delta Launch V e h i c l e  E x h a u s t s .  NASA TM X-2987, 1974.  
3. Gregory ,  G e r a l d  L . ;  and  S t o r e y ,  R i c h a r d  W . ,  Jr.: E f f l u e n t  Sampl ing  of 
T i t a n  I11 C V e h i c l e  E x h a u s t .  NASA TM x-3228, 1975.  
4 .  S t e w a r t ,  Roger  B . ;  S e n t e l l ,  Ronald J . ;  and G r e g o r y ,  G e r a l d  L . :  Expe r i -  
m e n t a l  Measurements  o f  t h e  Ground Cloud E f f l u e n t s  and  Cloud Growth 
Dur ing  t h e  F e b r u a r y  1 1 ,  1974 T i t a n - C e n t a u r  Launch .at Kennedy S p a c e  
C e n t e r .  NASA TM X-72820, 1976.  
5 .  G r e g o r y ,  G e r a l d  L . ;  Wornom, Dewey E . ;  Bendura ,  R i c h a r d  J . ;  and  Wagner,  
H .  S c o t t :  Hydrogen C h l o r i d e  Measurements  From T i t a n  I11 Launches  a t  
t h e  A i r  F o r c e  E a s t e r n  Test  Range,  FL 1973 Through 1975.  NASA 
TM X-72832, 1976.  
6 .  Dumbauld, R .  K ;  B j o r k l u n d ,  J .  R . ;  and  Bowers ,  J .  F . :  NASA/MSFC M u l t i -  
l a y e r  D i f f u s i o n  Models and Computer Program f o r  O p e r a t i o n a l  P r e d i c t i o n  
o f  Tox ic  F u e l  Haza rds .  N A S A  CR-129006, 1973.  
7 .  Dumbauld, R .  K . ;  and B j o r k l u n d ,  J .  R . :  NASA/MSFC M u l t i l a y e r  D i f f u s i o n  
Models  and Computer Programs - V e r s i o n  5 .  NASA CR-2631, 1975.  
8 .  Stewart ,  Roger B . ;  and G r o s e ,  W i l l i a m  L . :  Parametric S t u d i e s  With a n  
Atmospher ic  D i f f u s i o n  Model T h a t  Assesses T o x i c  F u e l  H a z a r d s  Due t o  t h e  
Ground Clouds  Genera t ed  by Rocket  Launches .  NASA TN D-7852, 1975.  
9 .  G a a r d e r ,  D .  S . ;  and J e n s e n ,  A .  V . ,  e d s . :  Hydrogen C h l o r i d e  
D e t e c t i o n ,  Measurement  and k o n i t o r i n g .  C P I A  P u b l .  No. 272 
( C o n t r a c t  N00017-72-C-4401), Appl .  Phys .  L a b . ,  J o h n s  Hopkins  Un iv . ,  
Dec. 1975.  
10 .  Denn i son ,  J .  E . ;  and M e n i c h e l l i ,  R .  P . :  A Method f o r  M o n i t o r i n g  O r g a n i c  
C h l o r i d e s ,  H y d r o c h l o r i c  Acid and C h l o r i n e  i n  A i r .  A I A A  P a p e r  
N O .  71-1063, N O V .  1971.  
11 .  Hende l ,  Frank  J . :  pH Moni to r  o f  Air P o l l u t a n t s  - R e s e a r c h  and Develop-  
ment o f  a N e w  pH R e c o r d i n n  Method and I n s t r u m e n t s  f o r  t h e  Recordine;  o f  
Acid a n d / o r  Gasic Components R e s u l t i n g  From Launches  o f  R o c k e t s .  
SAMTEC-TR-75-190, U.S. Air F o r c e ,  May 1975.  
12.  Reyes ,  Rober t  J . ;  Mil ler ,  R i c h a r d  L . ;  and B e a t t y ,  David C . :  M o n i t o r i n g  
o f  H C 1  From S o l i d  P r o p e l l a n t  Launch Vehicles.  1974 JANNAF P r o p u l s i o n  
Mee t ing ,  Vol .  I ,  P t .  11, CPIA P u b l .  No. ?60, The Johns  Hopkins  Un iv . ,  
Oct .  1974,  pp.  705-722. ( A v a i l a b l e  from DDC as AD-B002590.) 
14 
13. Wil l iams,  Kev in  G . :  The C o n t i n u o u s  Measurement of  Hydrogen C h l o r i d e  i n  
t h e  Ambient Atmosphere U s i n g  t h e  Dual I s o t o p e  I n f r a r e d  A b s o r p t i o n  Tech- 
n i q u e .  ARFR-66 ( C o n t r a c t  N A S  1-124041, Andros I n c . ,  Feb .  1974.  ( A v a i l -  
a b l e  as  NASA CR-132520.) 
14 .  Bar t le ,  E.  R . ;  Kaye,  S . ;  and M e c k s t r o t h ,  E .  A . :  An I n - S i t u  Moni to r  fo r  
H C 1  and HF. A I A A  P a p e r  No. 71-1049, Nov. 1971 .  
15 .  G r e g o r y ,  G e r a l d  L.  ; Hud,Tins, C h a r l e s  H .  ; and Emerson, B u r t  R . ,  J r .  : 
E v a l u a t i o n  o f  a Chemi luminescen t  Hydrogen C h l o r i d e  and  a N D I R  
Carbon Monoxide D e t e c t o r  for  Env i ronmen ta l  E o n i t o r i n q .  1974 JANNAF 
P r o p u l s i o n  Meeting, Vol. I ,  P t .  11, C P I A  P u b l .  No. 260,  T h e  J o h n s  
Hopk ins  Un iv . ,  Oct. 1974 ,  pp. 681-704. 
15 
TABLE I.- BUBBLER SYSTEM OPERATIONAL PARAMETERS 
T r a p p i n g  s o l u t i o n  . . . . . . . . . . . . . . . .  D e i o n i z e d  d i s t i l l e d  water 
T r a p p i n g  s o l u t i o n  volume,  m l  . . . . . . . . . . . . . . . . . . . . .  20 
A i r  s ample  r a t e ,  cm3/min . . . . . . . . . . . . . . . . . . . . . . .  3000 
H C 1  c a p t u r e  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . .  '0.99 
A n a l y s i s  t e c h n i q u e  . . . . . . . . . . . . . . . . .  C h l o r i d e  d e t e c t i o n  by 
c o u l o m e t r i c  t e c h n i q u e  
Ranee o f  a p p l i c a t i o n ,  ppm-sec . . . . . . . . . . . . . . . . . . .  Above 50 
TABLE 11.- BUBBLER SYSTEM DATA - HYDROGEN C H L O R I D E / A I R  MIXTURES 
~- . -  
T h e o r e t i c a l  i n p u t  








- -  
- ..- 
Averagea measured  
d o s a g e ,  ppm-sec 
____ -. ~- 
6 6 . 5  
8 8 . 2  
105 .8  




9 5 - p e r c e n t  c o n f i d e n c e  i n t e r v a l a  
f o r  measured  d o s a g e ,  ppm-sec 
_+ 33 
f 2 5  
f 2 7  




. - _  - 
- 
aBased on sample  s i z e  o f  f i v e  b u b b l e r s ,  s t a n d a r d  c o n f i d e n c e  i n t e r -  
v a l  c a l c u l a t i o n  u s i n g  s t u d e n t s  rrtrr t e s t  s t a t i s t i c .  
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TABLE 111.- INTERFERENCE DATA FOR DUAL ISOTOPE ABSORPTION INSTRUMENT 





n-CfjH 1 4  
E q u i v a l e n t  s p e c i e s  c o n c e n t r a t i o n  t o  






TABLE 1 V . -  RESPONSE TIME RESULTS FOR CHEMILUMINESCENT 
( L U M I N O L  O X I D A T I O N )  INSTRUMENT 






5 .00  
10 .00  
20 .00  
50.00 
Response time t o  90 p e r c e n t  o f  
f i n a l  r e a d i n g ,  s e c  
20.0 
15.0  
1 5 . 0  
10.0 
5 .0  
3.0 
1 .5  
0.5 
aHCl /mois t  a i r  ( 6 0 -  t o  70 -pe rcen t  r e l a t i v e  
h u m i d i t y )  m i x t u r e s .  
TABLE V . -  INTERFERENCE DATA FOR CHEMILUMINESCENT 
(LUMINOL O X I D A T I O N )  INSTRUMENT 
E q u i v a l e n t  s p e c i e s  c o n c e n t r a t i o n  t c  
p roduce  I-ppm H C 1  s i g n a l  







N O  i n t e r f e r e n c e a  
b No i n t e r f e r e n c e  
NO i n t e r f e r e n c e a  
2 t o  3 ppm 
1 PPm 
50 PPm 
aNo i n t e r f e r e n c e  o b s e r v e d  f o r  m i x t u r e s  
bNo i n t e r f e r e n c e  o b s e r v e d  a t  r e l a t i v e  
o f  low ppm t o  p u r e  s p e c i e s .  
h u m i d i t . i e s  from 20 t o  95 p e r c e n t  a t  room 
t e m p e r a t u r e s .  
d a t a  are f o r  r e l a t i v e  h u m i d i t y  o f  a p p r o x i -  
m a t e l y  60 t o  70 p e r c e n t .  
‘Func t ion  of h u m i d i t y  o f  s a m p l e  s t r e a m ;  
18 
TABLE VI.- SUMMARY OF MEASUREMENT METHODS 
Method 
I n s t r u m e n t  
s t a t u s a  
Bu b b 1 er 
PH 
I n d i c a t o r  t u b e  
Microcoulometer  
Aerosol  - c o n d e n s a t i o n  n u c l e i  
Dual i s o t o p e  i n f r a r e d  
Gas f i l t e r  c o r r e l a t i o n  
Chemiluminescent  ( N O )  
Chemiluminescent ( l u m i n o l )  
O p e r a t i o n a l  
L a b o r a t o r y  
L a b o r a t o r y  
O p e r a t i o n a l  
R / D ~  
R / D  
L a b o r a t o r y  
R / D  
O p e r a t i o n a l  
HC1 












d e t e c t i o n  




0 .08  ppm 
1 t o  2 ppm 
0 .3  ppm 
5 PPm 
1 t o  2 ppm 
Less t h a n  
0.05 ppm 
Response t o  L a b o r a t o r y  
90 p e r c e n t  a n a l y s i s  
o f  r e a d i n g  r e q u i r e d  
N A ~  
N A  
NA 
















aSee t e x t  f o r  d e f i n i t i o n  o f  s t a t u s .  
bNot a p p r o p r i a t e .  
'Research and development .  
- 
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- Sample inlet - f57 
'I Sample exit 
3 cm 
___ Finger bulge 
L 
Trapping solution level -f 
) - )  Fri t ted g l a s s  cap 




















T e s t  conditions 
Flow ra t e  - 100 cm 3 /min 
HCl concentration - 4.2 ppm 
Tube dimensions - 1 - m m  internal 
d iameter  by 1 m 
~ 1 -  I I 
I- L - _  1 1 1 I 
0 20  40 60 80 100 
Flow time, s ec  
0 84 168 2 52 336 420 
HCl dosage, ppm-sec 












.4 5? 2 
.2 
HC1 off 
- i  I I \   
I ’ \  
Time, min 













6-min HC1 sample 
T e s t conditions 
3 Flow ra te  - 100 cm /min 
HCl input - 5 ppm 
HC1 gas  on; Time = 0 
Denotes gas  off ---- 
1 2 3 4 5 6 7 a 
Time, min 























Test condi t ions  
Flow rate: 90 cm3/min 
I I I I I I I 
19 20 21 22 23 24 25 26 27 
T i m e  from launch,  min 
F i g u r e  5.- T y p i c a l  mic rocou lomete r  d a t a  t r a c e  from l a u n c h  v e h i c l e  e f f l u e n t  m o n i t o r i n g  program. 
HC1 sample in 
__f 
r- 
Air st ream compo sition Particle 
fi lter .~ - - - .  HC1 
I Air 
I 1 
I c onve rt e r I 
L I 
I I  




F i g u r e  6.- Diagram of  c o n d e n s a t i o n  n u c l e i  method.  
25 
To nuclei counter 
r 
From fi l ter  
- 1  
Silicone rubber 1 membrane 
- Denotes sample flow 
F i g u r e  7 . -  HC1 c o n v e r t e r .  
26 
,--Rotating gas cell chopper I -  
Black body source 
I Optical filter 
/ Sample in Sample out n Sample cell with state detector 
1 
Wave1 ength Wavelength 
Black body spectrum Filtered spectrum Fi 1 te red spec t ru m Sample HCl gives 
further absorption by H a 3 '  
I' 
Wavelen h 
Filtered spectrum Sample HCift gives 
missing H C I ~ ~  lines further absorption by HC235 
F i g u r e  8.-  Diagram of d u a l  i s o t o p e  a b s o r p t i o n  method. 
1 L .. ! 
30 45 60 
Time, sec 
Lwc- 75 90 
F i g u r e  9 . -  Response of d u a l  i s o t o p e  a b s o r p t i o n  i n s t r u m e n t  t o  9-ppm H C 1 ;  
d r y  N2 m i x t u r e .  
28 
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7 Source chopper 
1' Optics 
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r F i l t e r  
Optics L Detect o r  Specifying I cell (HCl) 
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Rotating spli t  cel l  
Rotating chopper 
Infrared source  1 
Figure 1 1  .- Diagram 
r- Detector 
+ Detect o r  
e 4.6-prn f i l t e r  l 
,!!-- 3.4-pm f i l ter  Lens 
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Optical 
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I I  I 
I I ' I  
Window -- 
4 -Retroreflector 
of dual channel HC1-CO gas filter correlation instrument. 
10 000 
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0 Laboratory calibration 
- Manufacturer calibration 
1 I I I I  
10 100 1000 
Output signal, V by m sca le  
Figure 12.- Calibration results f o r  dual channel gas 





1 Air pump n"nnnn NH3 permeation tube 






F i g u r e  13.- Diagram o f  chemi luminescen t  method u s i n g  n i t r i c  o x i d e  d e t e c t i o n .  
NH3 to NO 






Waste reservoir  
separator 
Reaction cell and liquid-gas 
i t b 
I Airstream 
// \\\ 





NaBr03 - NaBr coated 
alumina tube 
r - 4  Luminol in 
1 Na2C03 
1 
Output O - IO V dc 
Figure  14.- Diagram of HC1 d e t e c t o r .  
'81 
k 
E a a 
1 .o 
.5  
0 Detector  output 
- - -  Input HC1 concentration accuracy 
Theore t ica l  de tec tor  output - a s s u m e s  
no measurement  o r  input concentra- 
tion e r r o r s  
0 . 5  1.0 1.5 





0 10 20 30 40  50 
Input HC1 concentration, ppm 
F i p u r e  15.- HC1 c a l i b r a t i o n  da t a  f o r  c h e m i l u m i n e s c e n t  i n s t r u m e n t ;  
l u m i n o l  o x i d a t i o n  method.  
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